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GENERAL INTRODUCTION 
1 General introduction 
Clay rich formations are known for their low permeability, illustrated by the fact that 
they form seals for hydrocarbons, confine and separate aquifers and protect deep 
groundwater resources from contamination. Therefore they are considered in several 
countries as potential host rocks for deep geological storage of radioactive waste. In 
the past shales have been ignored as exploitable reservoirs of natural gas and that is 
why the microstructure of shales has not been investigated thoroughly until recent 
(Curtis et al., 2010). Furthermore, microstructural investigations are frequently done 
using macroscopic measurements, e.g. Mercury Intrusion Porosimetry (MIP), nuclear 
magnetic resonance (NMR) relaxation spectroscopy, densitometry and water-loss 
porosimetry (Bossart & Thury, 2008; Curtis et al., 2010). That is why until recent just 
sketches could be made to image the microstructure of claystones (NAGRA et al., 
2002; Hildenbrand, 2003; Yven et al., 2007; Wenk et al., 2008).  
Favorable host rock properties depend on the rocks microstructure and detailed 
investigation of the pore morphology and pore space contributes to understanding of 
sealing capacity, coupled flow and associated deformation in clay (Marshall et al., 
2005). Furthermore, a better understanding of the microstructural controls on the 
porosity, pore shape and pore size distribution helps to improve location and delivery 
of gas (present in gas shales) more effectively. Porosity and the size, shape and 
connectivity of pores defines the permeability and sealing capacity of a rock (Josh et 
al., 2012) and when pore sizes decrease fluid flow cannot be described by Darcy’s law 
(Curtis et al., 2010) hence diffusion becomes the rate controlling step for through-flow 
(Altmann et al., 2012). Furthermore, presence of porosity will affect the mechanical 
response of shale to external  pressure, round pores would be less likely to collapse 
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when an external pressure is applied (Curtis et al. 2010), influencing the failure limit of 
a shale (Josh et al., 2012).  
In this work representative areas and volumes of the microstructure of Opalinus Clay 
(a possible host rock for the disposal of radioactive waste in Switzerland) were 
investigated on the mm to nm scale. To investigate the nm-µm scale porosity in 
claystones Scanning Electron Microscope (SEM) imaging is the most direct approach, 
but this is limited due to the poor quality of broken or mechanically polished surfaces 
making it difficult to interpret anything on the µm to nm scale (Curtis et al., 2010). 
Imaging of the porosity in fine grained geological materials is a rapidly developing field 
since Focused Ion Beam milling (FIB) and Broad-Ion-Beam (BIB) milling have proved to 
produce smooth and damage free surfaces (e.g. Holzer et al., 2006, 2007; Muench et 
al., 2006; Desbois et al., 2008, 2009, 2011a; Chalmers et al., 2009; de Winter et al., 
2009; Loucks et al., 2009). Surfaces were already cleaned and/ or thinned with an ion 
beam to make sufficiently thin and undisturbed samples to image the microstructure 
using transmission electron microscopy (TEM; e.g. Jiang et al., 1990; Hover et al., 
1996; Rask et al., 1997; Schieber, 1998, 2002; Janssen et al., 2011). 
1.1 Opalinus Clay 
The Jura Mountains are an arched fold and thrust belt situated between Zurich in the 
north-east and Grenoble in the south-west (Bossart & Thury, 2008). The sedimentary 
sequence ranges in age from late Carboniferous to Quartinary, where the late 
Paleozoic clastic sediments are overlain unconformably by 800 m of Mesozoic 
limestone’s, marls and shale’s, around 400 m of Tertiary Molasse and locally 
Quarternary fluvio-glacial sediments (Bossart & Thury, 2008). The Dogger section 
consists of several shallowing upward regressive cycles of mudstone (Bossart & Thury, 
2008) with some thin layers of marl, siltstones, sandstones and sandy calcareous 
rocks. The lower part of the section (Opalinus Clay and Murchisonate-Shales) mainly 
comprises mudstones and is investigated thoroughly as a possible host rock for 
radioactive waste disposal (NAGRA, 2002).  
Opalinus Clay is a fine grained sedimentary rock which exists of a relative monotonous 
sequence of dark gray, calcareous, mica rich, silty mudstones with in between up to 20 
cm beds of calcareous cemented fine grained sandstone/siltstone lenses and laminae 
as well as sandy marls, biodetritic limestone’s, pyrite-, siderite- and chalk concretions 
and some ammonites (NAGRA, 2002). In northern Switzerland the Opalinus Clay is 80-
120 m thick and accumulated during the early Aalenian in a shallow epicontinental 
shelf sea (Thury & Bossart, 1999a, 1999b; NAGRA, 2002; Pearson et al., 2003; Wetzel 
& Allia, 2003). The rock exists of continental material originating from weathering and 
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erosion, marine carbonates, organic matter, and diagenetic minerals such as pyrite 
and siderite. The formation underwent a complex burial and compaction history, 
reducing the porosity and amount of pore water, with two distinct periods of 
subsidence and a maximum burial depth of ca. 1350 m during the late Cretaceous 
(Mazurek et al., 2006). A consequence of the compaction is a very low hydraulic 
conductivity (2E-13 m/s; Marschall et al., 2004) and although the water content is 
considerable (6.6 weight percent), so far no water springs have ever been observed in 
the Opalinus Clay (Bossart and Thury, 2008). The Opalinus Clay is overlain by Middle 
Jurassic karstic aquifers and underlain by Liassic marls and limestone’s which are only 
weakly karstified with local water inflows (Pearson et al., 2003; Croisé et al., 2004). 
Between the Muschelkalk aquifer below and the Malm aquifer above, the shale 
succession from Keuper/ Lias to Dogger forms a 300 to 450 meter thick sequence of 
low to very low permeable rocks (Heitzmann, 2004).  
In the underground Mont Terri Rock Laboratory (Canton du Jura, Northern 
Switzerland, Figure 1.1) the geological, geochemical, geomechanical and 
hydrogeological properties of the Opalinus Clay are investigated since 1996 (Bossart & 
Thury, 2008). Key parameters are summarized in Bossart & Thury (2008). The Mont 
Terri Rock Laboratory is situated in galleries and niches beside the security gallery of a 
motorway (A16) tunnel in north-western Switzerland near the town of St-Ursanne, 
and is cross-cutting a ca. 240 meter section of Opalinus Clay (Bossart & Thury, 2008; 
Figure 1.1 C) which dips towards the south-east with 35° – 55°. Thrusting and faulting 
in this area caused an increase in formation thickness; true thickness is in the order of 
90 meter (Bossart & Thury, 2008).  
Characterization of Opalinus Clay, in the lab or in-situ in the Mont Terri Rock 
Laboratory, is related to the investigated length scale. In order to combine results 
gained at different length scales, knowledge of the rock and relevant processes at 
different scales need to be understood (NAGRA, 2002). The Opalinus Clay structure at 
different length scales is illustrated in Figure 1.2.    
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Figure 1.1: A. Map of Switzerland showing the location of the Mont Terri rock laboratory. B. Simplified 
geological map of the area around St-Ursanne Switzerland (modified after Nussbaum et al. (2011) who 
modified after Laubscher (1963)), showing the position of the Mont Terri rock laboratory and the trace of the 
motorway tunnel. C. Cross-section through the Mont Terri asymmetrical anticline (modified after Corkum 
and Martin (2007) from Freivogel and Huggenberger (2003)) showing the position of the Mont Terri rock 
laboratory. 
|General introduction 
13 
 
 
Figure 1.2: Overview of the different facies of Opalinus Clay at different scales of investigation, modified 
after NAGRA (2002). A. Sedimentary column presenting the different facies of Opalinus Clay. B. A piece of 
drill core. C. Thin section of a clay layer. D. Thin section of a sandy layer. E. Thin section of alternating clay 
and sandy layers. F. BSE image of a BIB polished cross-section of the Shaly facies. G. BSE image of a BIB 
polished cross-section of the Sandy facies. H. SE image of the pores in the clay matrix of the Shaly facies. I. SE 
image of the pores in the clay matrix of the Sandy facies.  
The lateral variability of the facies and lithology of Opalinus Clay on the kilometer scale 
in Northern Switzerland is unexpectedly homogeneous (NAGRA, 2002). Perpendicular 
to the bedding, the formation is subdivided in six different subfacies (NAGRA, 2002; 
Figure 1.2 A) based on variable silt layers, sandstone layers and siderite concretions 
present: 1. claystone (Opalinus Clay), 2. claystone with siderite concretions (Opalinus 
Clay), 3. claystone with some sandstone layers (Opalinus Clay), 4. claystone with 
numerous sandstone layers (Opalinus Clay), 5. claystone with sandstone layers and 
siderite concretions (Opalinus Clay) and 6. claystone with sandstone layers and 
siderite concretions (Murchisonae-Schichten). In general Opalinus Clay is subdivided in 
facies 1-3 called the Shaly facies, and facies 4-6 richer in chalk and sand called the 
Sandy facies. On the millimeter to decimeter scale there is evident bedding mainly due 
to the platy nature of the clay minerals (Figure 1.2 B), but also due to variation in 
mineral composition (silt and sand rich layers interchanged with clay rich layers). The 
bedding causes anisotropy in the hydrological, transport related and rock mechanical 
properties (NAGRA, 2002; van Loon et al., 2004; Wenk et al., 2008). Furthermore, 
diagenetic minerals like siderite lenses are mainly present along the bedding. The 
lateral variability of bedding and lenses is visible on the decimeter scale. Most of the 
measurements are performed on samples within the centimeter to decimeter scale, 
and since on this scale the material is not homogeneous one should take special care 
selecting samples. Micrometer to millimeter scale (Figure 1.2 C, D) corresponds to the 
grain size of Opalinus Clay (NAGRA, 2002). The mineral clasts and biogenetic minerals 
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(e.g. quartz, calcite) are mainly present in the size ranging from 10 µm – 1 mm 
(NAGRA, 2002). Most of the pores in the Opalinus Clay can be found on the nanometer 
scale (1 – 100 nm), which is also the scale that should be used to investigate the 
interaction between pore water and clay, geochemical and hydrological interactions 
(NAGRA, 2002; Figure 1.2 E). The research presented here focuses on the 
characterization of the Opalinus Clay microstructure and porosity on the nanometer to 
millimeter scale.   
1.1.1 Porosity measurements 
Porosity in the Opalinus Clay is reduced from 0.5 to about 0.05-0.25 since 
sedimentation, due to compaction and diagenesis, both a consequence of burial 
(NAGRA, 2002). The term porosity has different meanings in various disciplines, and 
numerical values of the property strongly depend on the used measuring method, 
since different methods detect different classes of pores (Pearson, 1999; NAGRA, 
2002; Pearson et al., 2003). This makes it important to interpret porosity data in the 
context of the used method (Pearson et al., 2003). In this study the term porosity is 
used to describe the part of a material not occupied by mineral grains. The term 
connected porosity is used to describe the pore network contributing to fluid/gas 
flow. Porosity of the Shaly facies of Opalinus Clay has been measured using 
densitometry (14.0-24.7%), water loss (12.6-21.1%), mercury injection (9.8-10.6%) and 
ion (Cl-) exchange (8-10%) methods (Bossart & Thury, 2008), details of the different 
methods and results are summarized in NAGRA (2002), Sammartino et al. (2003), 
Boisson et al. (2005), Yven et al. (2007) and Bossart & Thury (2008). These studies 
show that the total porosity of Shaly facies of Opalinus Clay is in the range of 12 - 24% 
and the connected porosity in dried samples is in the range of 8 – 11%. Based on 
mercury porosimetry studies Yven et al. (2007) concluded that the most abundant 
pores have pore throats between 3 and 60 nm. Nitrogen adsorption measurements on 
Opalinus Clay samples from the Benken drill core have further shown that about 70 - 
80% of the pores have equivalent radii between 1 - 25 nm. Pores that have an 
equivalent radius smaller than 1 nm form only 1-2 % of the total porosity (NAGRA, 
2002). Furthermore, the majority of pore space in Opalinus Clay has not yet been 
observed directly, in thin sections and optical microscopy or using a scanning electron 
microscope on broken or mechanically polished cross-sections, indicating that most of 
the pores present in the Opalinus Clay are smaller than 1 µm (NAGRA, 2002). 
1.2 Samples 
In Table 1-1 a sample list is provided. The Table presents for every sample a reference 
name, the facies, the length, the way of preservation and whether or not a subsample 
has been made.  
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Sample numbers starting with BDR1_OC and MF-MT are taken along directly from the 
Mont Terri rock laboratory on a visit. The samples BSF-6-5-6 and BSF-11-7-3 were 
stored at the University of Bern and were collected from there. The other samples are 
delivered at the RWTH-Aachen by mail.  Figure 1.3 illustrates wherefrom the samples 
originate within the Mont Terri rock laboratory. 
 
Figure 1.3: Schematic drawing of the underground Mont Terri rock laboratory, St. Ursanne, Switzerland. In 
the drawing is indicated where the samples described in Table 1-1  originate from (Figure is modified after 
the geological map of the Mont Terri laboratory originally published by the Mont Terri project - 
http://www.mont-terri.ch/).  
1.2.1 Core samples 
Sample BCS-2 
The Opalinus Clay core samples BCS-2 were collected at the Mont Terri rock laboratory 
(on the 28th of January 2009), in gallery GA98, in the undisturbed Shaly facies of 
Opalinus Clay (Mont Terri Project, 2009). A single 2.01 meter core was drilled in this 
gallery with a diameter of approximately 95 mm. In order to make sure that the 
samples were not exposed to dehydration or oxidation during shipping and/or 
storage, the samples were sealed, air-tight, in bags made of aluminum barrier foil 
(Type 40T) at the Mont Terri site directly after collection. The BCS-2 sample was sub-
sampled before delivering. 
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Sample BDR1_OC 
The Opalinus Clay core samples BDR1_OC were collected at the Mont Terri rock 
laboratory on the 19th of January 2010 in the DR niche, undisturbed Shaly facies of 
Opalinus Clay. Sample BDR1_OC was sampled at a depth of 5.3-5.57 meter. Four 
subsamples from this part of the drill core where stored in air tight aluminum barrier 
foil type 40T in the rock laboratory in order to prevent dehydration or oxidation of the 
samples during shipping and storage. The original drill core has a diameter of 
approximately 29 cm.  
Sample BEG-1 
The sample from borehole BEG-1 at Mont Terri is a sample from the Sandy facies of 
the Opalinus Clay and arrived in Aachen on the 22nd of February. The depth of this 
sample is 1.25-1.60m along the hole and the sample was packed in aluminum barrier 
foil type 40T, but was not sealed air tight. This means that the foil is not preventing 
the sample from drying. 
Sample TT 
A dried sample hammered of from the wall of the TT niche (Sandy facies) at the Mont 
Terri rock laboratory site is also provided and arrived in Aachen on the 22nd of 
February. The sample is not packed in aluminum barrier foil.  
Sample BWS-H 
The Opalinus Clay core samples BWS-H were drilled and packed at the Mont Terri rock 
laboratory on the 16th and 17th of November 2010 in the TT niche at the Mont Terri 
rock laboratory. In this niche the Sandy facies of the Opalinus Clay outcrops and with 
eight different boreholes all different sub-facies within the Sandy facies are covered. 
The drill cores extent about 1.2 m into the gallery wall and are packed in aluminum 
barrier foil type 40T at the side, to prevent the samples from dehydration. The drill 
core has a diameter of approximately 15 cm.   
1.2.2 Fault zone samples 
MF-MT 
This sample was collected at the main fault of the Mont Terri rock laboratory. It was a 
piece of strongly sheared Opalinus Clay that was broken off from the main fault and 
lying on the floor in the rock laboratory. A plane at an angle of 20 degrees to the 
bedding is covered with slickensides. In the section perpendicular to the bedding one 
can clearly see the bedding. 
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Samples BSF-6-5-6 and BSF-11-7-3 
By using a special drilling technique the Geotechnical Institute Ltd. was able to drill 
into different fault zones and retrieve drill cores of low cohesion structural elements 
such as fault-gouge horizons (Mazurek et al., 2010). These drill cores are then put in 
resin and the University of Bern provided two slices of these fault zone drill core 
samples to us. One of the slices is a piece (‘salami slice’) of the drill core from Mont 
Terri’s main fault zone (BSF-6-5-6) drilled in Gallery 98 (Figure 1.4), and the other 
sample is a piece (‘salami slice’) of a drill core into a fault zone in Opalinus clay (BSF-
11-7-3) in the Mont Russelin anticline. 
 
Figure 1.4: A. Main fault outcropping in Gallery 98, modified after Mazurek et al. (2010), where the location 
of the BSF-6 drill core is indicated with a 1. B. Schematic drawing of A., modified after Nussbaum et al. 
(2011). 
1.3 Methods & techniques 
A number of different methods and techniques are described in the next chapters that 
are used to image the microstructure of Opalinus Clay on the nm – mm scale. Sub-
samples of the different drill-cores are investigated with BIB-SEM, FIB-SEM, µ-CT, X-ray 
powder diffraction, mercury porosimetry and a combination of thin sections and light 
microscopy.  
1.3.1 Thin sections and light microscopy 
Samples where unpacked from the aluminum barrier foil and dried at room 
temperature. Ultra-thin sections were produced (W. Tschudin, Geoprep, Basel, 
Switzerland; e.g.: Stipp et al., 2006; Milke et al., 2009) by impregnating the samples 
with epoxy, after hardening the samples were polished on both sides down to a 
thickness < 10 µm. The ultra-thin sections were investigated with a Zeiss Axioscope 
optical microscope under transmitted light using a magnification of 10× (pixel size of 
0.7 µm), by means of both plain-polarized and cross-polarized light.   
1.3.2 BIB sample preparation 
The core samples studied were unpacked from the aluminum barrier foil (type 40T) 
and then dried using different methods (for a description of the methods see Chapter 
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2): room temperature drying, vacuum drying, oven drying, freeze drying and drying 
with controlled humidity. After drying the sample was glued onto a BIB sample holder 
and was pre-polished using carbide paper down to a grain size of 2400 (Figure 1.5). 
 
Figure 1.5: Sample preparation sequence. A drill-core is first subsample into smaller pieces using a drill 
and/or razor-blade, where after the sample is dried using any one of the here presented methods. The dried 
subsample is than glued to a BIB sample holder and pre-polished using carbide paper down to 2400.  
The samples were pre-polished in order to optimize the use of the BIB cross-section 
polisher, which works best when edges of the sample are roughly 90°. Pre-polishing 
caused the surface roughness to be reduced to 20 µm, which resulted in a higher 
quality and larger polished cross-section using the BIB-cross-section polisher (JEOL, 
SM-09010). Eventual damage, due to pre-polishing, of the surface of the clay sample, 
e.g. production of extra cracks, is neutralized by using the cross-section polisher. The 
cross-section polisher removed about 100 µm from the outermost edge of the sample 
which was enough material to show the undamaged clay. Polished cross-sections have 
been made parallel and perpendicular to the bedding using the JEOL cross-section 
polisher (SM 09010) based on Ar-ion beam milling (Figure 1.6). Typically, the used 
cross-section polisher produces polished surfaces up to 2 mm2, within 6.5 hours (6kV, 
150µA). Samples were first coated with gold or carbon before microstructures were 
imaged using a state of the art SEM (ZEISS - supra 55).  
 
Figure 1.6: BIB-polishing sample preparation. The pre-cut and pre-polished sample is put inside the BIB cross-
section polisher, which removes the outermost 100 µm of the edge of the sample in a 1 mm
2
 area. 
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1.3.3 SEM imaging 
For imaging of the samples the SEM Zeiss supra 55 has been used. A conventional light 
microscope uses a series of glass lenses to bend light waves and create a magnified 
image, but a SEM creates the magnified images by using electrons instead of light 
waves. Unlike an optical microscope no true image exists in the SEM. In the SEM the 
electron beam strikes the specimen at a single location and interacts elastically and in 
elastically with the specimen forming an interaction volume from which various types 
of radiation emerge including backscattered, secondary, and absorbed electrons, 
characteristic and bremsstrahlung X-rays, cathodoluminescence radiation (long-
wavelength photons in the ultraviolet, visible, and infrared ranges) in some materials 
(compounds, minerals, semiconductors, etc.), and finally, in certain semiconductor 
materials and structures, beam-induced currents (Goldstein et al., 2007). The 
magnitude of these signals is recorded with suitable detectors and measure sample 
characteristics like composition and topography at the location were the electron 
beam strikes. To study areas of a sample the beam moves from place to place by 
means of a scanning system (Figure 1.7), and the produced signals per location are 
transported from the detector to a computer screen forming an image (Goldstein et 
al., 2007). To increase the magnification of an image the distance between measuring 
locations should be reduced.  
 
Figure 1.7: Principle of SEM-imaging. An electron beam interacts at one location with the sample; the signals 
that are detected at this location are then transferred to the same location at a computer screen (after 
Goldstein et al., 2007).  
The combined effect of elastic and inelastic scattering processes is to distribute the 
beam electrons over a three-dimensional interaction volume with dimensions in the 
micrometer range. The interaction volume on an initial 1 nm diameter sample for 
instance (beam current of 20keV), is over 1000 times greater and volume dimensions 
about one billion times greater than the atomic layer under the beam (Goldstein et al., 
2007). The imaging and analytical signals originate from within this interaction volume 
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and are therefore spread out over a substantial distance compared to the incident 
beam size. Different signals originate from different depths below the sample surface 
(Figure 1.8). Furthermore, lower energy levels for the beam current will decrease the 
beam sample interaction volume indicating that the signals reaching the detector are 
send from closer to the top surface. In addition, at the same energy level the beam 
penetration depends on the 
atomic number of the mineral 
it is interacting with.  
Figure 1.8: Schematic drawing of the 
interaction of the electron beam with 
the sample in the SEM chamber, 
illustrating that signals received by 
the detector do not necessarily come 
from the sample surface. 
Element contrast is shown 
using the BSE detector, where 
a mineral with a low atomic number will send less back scattered electrons back to the 
detector (hence showing up in the image as a dark grain) than a mineral with a high 
atomic number (Figure 1.9). To image topography of the samples surface the SE-
detector is used, because the secondary electrons that are received by the detector 
penetrate the sample least especially when a low beam current is used. In general 
from a ‘mountain’ point on the samples surface more SE are send back to the detector 
than from ‘valley’ (Figure 1.9).   
 
Figure 1.9: Schematic drawing of the electron sample interaction and the electrons sent back to the detector 
in red. A. Schematically showing that the higher the atomic number the more electrons are send back to the 
detector, hence the lighter the grain. B. Schematic drawing illustrating that from a rim and/or high point on 
the samples surface more electrons are sent back to the detector than from a ‘valley’ or the flat surface.  
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The SEM used operates using a magnification of 12× - 10,000,000× and an acceleration 
voltage of 0.02 - 30 kV. The resolution of the SEM is defined as the minimum spacing 
at which two features of the specimen can be recognized (Goldstein et al., 2007). 
Typical SEM pictures have 1024 x 768 pixels and in order to get both a high resolution 
and an image covering a large area single micrographs taken with 25% overlap are 
combined into one (> 100 million pixels) mosaic image (Figure 1.10) using Autopano 
giga 2.0 software (Kolor, 2008). 
 
Figure 1.10: Example of a nine micrograph mosaic image. The micrographs on the left hand side are taken 
with an overlap of 20%. These micrographs are later combined into one single high resolution micrograph 
mosaic image using Autopano giga 2.0 software (Kolor, 2008).  
Smallest pore width visible depends on the magnification used for imaging and the 
pore shape, a 9 pixel round pore (3 x 3) is detectable whereas a pore existing of a line 
of 9 pixels is not. The smallest pores observed in the clay matrix have a width in the 
order of 5 - 10 nm (Figure 1.11).  
Figure 1.11: SE-
micrograph illustrating 
SEM resolution. The 
micrograph is made using 
a magnification of 
150,000×, corresponding 
to a pixel size of 2 nm. 
Smallest pore has a width 
of 7.1 nm, where smaller 
features that can be 
identified as void 
connections between pore 
are visible. Smallest 
feature visible in this 
micrograph has a width of 
5 nm.  
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Typically, the porosity investigation was done using the SE-detector at an acceleration 
voltage of 3-10 kV, with a working distance between 4 and 8 mm and a magnification 
of 3,000× – 100,000×. Porosity is best imaged using the SE-detector (Inlens or 
Everhart-Thornley). A low magnification was used first to get an overview of the 
polished cross-section both using the SE and BSE detectors, where after high 
resolution mosaics were made in between the µm wide cracks running through the 
cross-section from side to side. The mineral composition of the sample was 
determined either qualitatively using the Back Scattered Electron (BSE) detector 
(acceleration voltage of 15-20kV needed) or quantitatively by Energy-dispersive X-ray 
spectroscopy (EDX). A representative elementary area (REA) for the pores in a 
polished cross-section of Opalinus Clay was determined by the point counting method. 
A fine grid was placed over a BSE image consisting of different square box sizes, the 
smaller the area the larger the fluctuation in the measured porosity, mineralogy and 
pore size distribution (Kameda et al., 2006, Figure 1.12).   
 
Figure 1.12: This 
figure illustrates the 
box counting method 
used to determine 
the representative 
elementary area. The 
mineralogy per box 
was determined 
using the 
characteristic color 
and shape in the BSE 
image to distinguish 
minerals.   
 
 
 
 
 
Depending on the size of the REA a magnification was chosen which is a compromise 
between the realistic limit of mosaic imaging (ca. 500 micrographs) and the 
micrograph resolution, typically magnifications of maximal 20,000× – 30,000× were 
used to image the REA (Table 1-2). This is also due to the fact that the stage is not 
accurate enough to take these high magnification mosaics using the mosaic making 
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routine delivered with the SEM software, meaning that the stage would have to be 
moved by hand for every single picture increasing the time for mosaic imaging 
dramatically.  
 
Table 1-2: Micrograph magnification with corresponding pixel size, the area covered with one micrograph 
and the amount of micrographs needed to cover a 100 x 100 µm area.   
1.3.4  FIB-SEM 
Areas of ca. 10 x 10 x 10 µm of Opalinus Clay selected using the BIB polished cross-
sections are investigated using a FIB-SEM microscope. The microscope used is a SEM 
combined with a FIB Ga ion source so that both beams coincide at their focal points, 
enabling serial cross-sectioning of bulk material (Holzer et al., 2007; de Winter et al., 
2009; Keller et al., 2011).  The slice and view FEI software package of the FEI Nova 600 
Nanolab DualBeam instrument allows serial cutting of slices, which are simultaneously 
imaged with the electron beam (de Winter et al., 2009). These imaged slices can be 
put back together permitting imaging of sample volumes. The serial cross-sectioning 
was performed perpendicular to the bedding and results are presented in Chapter 6.     
The slices are aligned using the Avizo Fire 7.0 software (VSG, 2011). The method used 
allowed alignment the successive slices based on the gray values in the image, 
although this is program automatically aligns all slices mistakes are manually 
corrected. After alignment of the slices visible porosity in the 2D slices was traced 
using thresholding in MATLAB (The Math Works, 2010) which was then corrected 
manually using ArcMAP 10 (Esri, 2010).  
1.3.5 Pore and mineral segmentation 
After imaging the visible pores and minerals are segmented either manually or using 
one of the automatic segmentation methods described in Chapter 3. After the pores 
and minerals are successfully segmented using one of the segmentation methods this 
data has been used to calculate among other parameters; the visible porosity, pore 
size distribution and pore shape, see Chapters 4-6. 
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1.3.6 X-ray computed microtomography 
The drill core used was unpacked form the aluminum barrier foil and a sub-sample 
was cut off as far away from the outer surface of the drill core as possible. The sample 
had a length of 5 mm and was polished using carbide paper (grit size 2400) until the 
sample reached a diameter of ca. 2 mm. The µ-CT sample was oven-dried starting at a 
temperature of 25˚C the temperature was increased with 5˚C daily until a temperature 
of 60˚C was reached.     
X-ray computed microtomography (µ-CT) is a non-destructive approach to image the 
microstructure of the Opalinus Clay directly in 3D. A Procon CT-Alpha 160 was used for 
the experiment at the institute for geosciences of the Johannes Gutenberg University 
in Mainz. The µ-CT data has a voxel resolution of 2.6 µm and was visualized and 
segmented using AVIZO 7.0 (VSG, 2011), for results see Chapter 6. After the sample 
has been imaged using µ-CT a BIB polished cross-section was made in the middle of 
the µ-CT sample, enabling investigation of the porosity and mineralogy in 2D down to 
the nanometer scale. 
1.3.7 X-ray powder diffraction 
To characterize the mineral content X-ray powder diffraction (XRD) analysis was 
performed. The samples were unpacked from the aluminum barrier foil, where after 
they were dried at room temperature. Twenty grams of sample material was first 
turned into powder, where after the mineral content was measured using the Bruker 
D5000 at the Geological Institute of the RWTH Aachen University (GIA). For mineral 
quantification Rietveld analysis (TOPAS) has been executed (Kahle et al., 2002). 
1.3.8 Mercury intrusion porosimetry 
To characterize pore size distribution in porous volumes mercury intrusion 
porosimetry (MIP) has been performed (Abell et al., 1998; Galle, 2001; Hildenbrand & 
Urai, 2003) on dried (60 ˚C) Opalinus Clay samples, where mercury acts as a non-
wetting liquid that intrudes the pore space with increasing pressure. Pressure 
differences can then be converted to pore throat diameters using the Washburn 
equation (Washburn, 1921). When assuming that the porous network can be 
represented by a bundle of nonintersecting tubes (Howard, 1991) a pore size 
distribution curve can be obtained from the intruded volume of mercury at each 
pressure step. Samples were first dried at 60°C in an oven, where after the samples 
were placed in a sample cup filled with mercury in a pressure vessel. The pressure was 
stepwise increased to 4.13·108 Pa, which corresponds to a pore diameter of 3 nm. 
Before and after the MIP experiments the samples were weighed.   
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1.3.9 Wood’s metal injection 
The sample was dried at 105°C and cast into a block of Wood’s metal prior to 
injection. Then this sample was placed in a pressure vessel (Hildenbrand, 2003), where 
after the temperature was subsequently raised to ca. 90°C and held constant for 1 
hour to ensure the Wood’s metal was molten. Here after the pressure was increased 
(10 MPa per 20 minutes) to force the Wood’s metal into the pores until a pressure of 
100 MPa was reached, which corresponds with a tube diameter (hence pore width) of 
ca. 8.5 nm, using a γ cos θ value of 0.417-0.444 N/m (Darot & Reuschlé, 1999). After 
injection the temperature was decreased to room temperature while the sample was 
still under pressure, permitting the Wood’s metal to solidify inside the sample. The 
sample was than imaged using a SEM after making a BIB polished cross-section. 
Wood’s metal in the pores of Opalinus Clay is recognized in SEM images using a 
combination of BSE, EDX and SE detectors. Wood’s metal gives a distinct bright white 
signal when imaging with a BSE-detector and due to the composition (bismuth, lead, 
tin and cadmium) it is also easily recognizable using the EDX detector. Since the 
intrusion apparatus used was not constructed to measure the volume of the intruded 
Wood’s metal one cannot get information on pore size distribution/ average pore size 
using this apparatus (Hildenbrand, 2003).  
1.4 FIB-SEM/ BIB-SEM investigation of (gas) shales 
Over the last years FIB-SEM has been developed to be a frequent used microscopy 
technique used in different disciplines of material and life sciences (Holzer & Cantoni, 
2011). Typical FIB-SEM and BIB-SEM resolutions are at least two orders of magnitude 
higher than X-ray microtomography, where FIB-/ BIB-SEM achieve pixel sizes down to 
a few nm’s and X-ray microtomography normally achieves pixel sizes of a few µm’s 
(Holzer & Cantoni, 2011). Aimed to image larger areas/ volumes (with the same 
resolution) than possible with the FIB-SEM method the BIB-SEM method was 
developed (Desbois et al., 2009), where unlike the commercial available FIB-SEM 
machines a BIB inside a SEM to allow serial sectioning without reloading of the sample 
is at the moment only available at the RWTH-Aachen (Desbois et al., 2011b). BIB cross-
section polishers are commercially available as standalone machines, enabling 
investigation of up to 1mm2 polished areas which after imaging could be re-polished 
with a step-size of ca. 50 µm (Desbois et al., 2011a). Limitation of both techniques is 
the maximum area/ volume of the polished sections, the number of sequential slices 
made and the resolution used to image the polished sections (Holzer & Cantoni, 2011), 
investigation of one sample (typically < 1mm3) cannot be up scaled to reservoir size 
due to the small scale stratigraphic and lateral heterogeneity of a shale strata 
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(Chalmers et al., 2012). For an extensive FIB-SEM review on the method and 
development of the technique see Holzer & Cantoni (2011). 
Microstructural investigation of the pore network present in (gas) shales using the FIB-
/ BIB-SEM method has been performed by a rapid increasing number of researchers, 
the FIB-/ BIB-SEM method has been used to: image pore structure in Boom Clay 
(Desbois et al., 2009, 2010; Hemes et al., 2011), image the 3D pore structure of 
saturated bentonite (Holzer et al., 2010), investgate the nm scale pore systems of the 
US gas shale reservoirs; Barnett, Marcellus, Woodford, Haynesville, Eagle Ford, 
Kimmeridge, Floyd, Fayetteville, Horn River, and the Canadian gas shale reservoirs; 
Buckinghorse and Shaftesbury shales and the Doig formation and the Posidonia shale 
from Germany (Chalmers et ela., 2009; Loucks et al., 2009; Curtis et al., 2010; 
Sondergeld et al., 2010; Chalmers et al., 2012; Curtis et al., 2012; Klaver et al., 2012), 
compare the relationship between organic porosity and thermal maturity of the 
Marcellus shale (Curtis et al., 2011), image the 3D pore pathways in Opalinus Clay 
(Keller et al., 2011) and describe the pore structures in the following US gas shales; 
Eau Claire formation, Maquoketa Shale, New Albany Shale, Geneseo Shale, Mancos 
Shale (Schieber, 2010). Where SEM investigations of (gas) shales from different 
formations have shown that every shale microstructures is different and therefore it 
should not be expected that different shales mechanically behave the same (Curtis et 
al., 2011). 
Desbois et al. (2009) set up a clay matrix pore classification of the pores visible in a BIB 
polished section of Boom clay into three different types; Type I – elongated pores in 
similarly oriented clay sheets, Type II – triangular/crescent shaped pores in folded 
clays, Type III – large jagged pores associated with margins of large grains. This pore 
classification was extended by Heath et al. (2011) to pores in other minerals and 
mineral aggregates; Type IVa – circular/ globular to tubular pores in organics, Type IVb 
– slit like pores in organics, Type V – diagenetic pores, Type VI – microfracture related 
pores, and Type VII – Pore in framboidal pyrite. For a systematic documentation of 
pores encountered in gas shales (interparticle, intraparticle, organic matter and 
fracture pores) see Loucks et al. (2012).  
1.5 Aim  
This study is aimed to characterize the in-situ porosity in Opalinus Clay directly mainly 
using ion beam milling in combination with SEM imaging. The BIB-SEM method can be 
used to directly image the microstructure of in-situ dried samples. Handling and 
preparing of the BIB-SEM samples requires drying which can still cause cracking or 
shrinkage hence different drying methods and the effect on the microstructure of the 
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Shaly facies of Opalinus Clay are investigated (see Chapter 2). The homogeneity and/or 
heterogeneity of the microstructure of the Shaly facies was investigated making 5 
polished cross-sections along a one meter drill core which was taken perpendicular to 
the bedding. A description of the physical porosity, the pore size distribution, 
mineralogy and associated pore shape along the drill core can be found in Chapter 4, 
where the BIB-SEM method is validated against MIP experiments. In order to research 
differences and consistencies in the microstructure of the Opalinus Clay the porosity, 
pore size distribution, pore shape, mineralogy, etc. are investigated for the two end-
member facies (Shaly and Sandy facies) using the BIB-SEM method (Chapter 5). The 
BIB-SEM mineralogy is validated against XRD measurements and the BIB-SEM porosity 
is compared to MIP in order to check the BIB-SEM method against conventional 
methods. Furthermore, the 2D microstructure of the main fault running through the 
Shaly facies in the Mont Terri rock laboratory is investigated and compared to the 
microstructure of the undisturbed Shaly facies of Opalinus Clay to check whether the 
microstructure changes when the clay is faulted (Chapter 7). An mm-nm scale 
investigation of the 3D microstructure, mainly pore connectivity and mineral spread in 
3D, of the Shaly facies is attempted using a combination of µ-CT imaging, BIB-SEM and 
FIB-SEM. Again the question is asked whether the microstructure of the Shaly facies is 
homogeneous or heterogeneous over different length scales, this is described in 
Chapter 6. In order to try and solve possible fluid pathways and pore connectivity 
Opalinus Clay samples are impregnated with Wood’s metal which could be frozen 
after impregnation and was then imaged using the BIB-SEM method (Chapter 8). Last 
but not least the BIB-SEM method requires the need to process the SEM images 
afterwards in order to quantify for instance mineralogy, porosity and pore shape. 
Different image segmentation methods where used in order to find the best method 
(Chapter 3).  
1.6 Parts of this thesis which have been published 
 Maartje Houben, Guillaume Desbois, Janos Urai. Characterization of the 
porosity in Opalinus Clay using ion beam polishing and SEM imaging – First 
results. 4th meeting on "Clays in Natural & Engineered Barriers for 
Radioactive Waste Confinement". Nantes, France, P/GEO/CI/06. (2010)  
 Maartje Houben, Guillaume Desbois, Janos Urai. A comparative study of 
fabrics and porosity in Shaly and Sandy facies of Opalinus Clay by BIB-SEM 
methods. EGU General Assembly. Geophysical Research Abstracts, 13, pp. 
EGU2011-1731-2. Room 27 / Thu, 07 Apr, 14:30-14:45, Talk. (2011)  
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SAMPLE DRYING 
2 Sample drying 
Due to the massive occurrences in stratigraphic locations, self-healing properties and 
desirable overall characteristics, claystones are considered as potential host rocks for 
radioactive waste disposal (Soe et al., 2009). It is common knowledge that claystones 
tend to be sensitive to environmental changes, so that mechanical properties will 
change either due to natural changes but desiccation cracking also affects engineered 
clay barriers (Peron et al., 2010) which are influenced thermally and hydraulically by 
the confined nuclear waste. Clays are known to have a strong tendency to shrink and 
crack when partially or completely dried (Towner, 1987; Simms & Yanful, 2001; Soe et 
al., 2008, Peron et al., 2010). Drying will cause an increase in effective stress (a 
combination of both externally applied stresses and internal pressure of the fluid 
phase), and therefore the solid material will shrink enabling cracking of the material 
(Peron et al., 2010). So far occurrence of desiccation cracking in excavated galleries 
has been determined to be due to (Peron et al., 2010): (1) The structural effect of the 
excavation within the host rock induces a release of stresses, meaning that the minor 
effective stress path is therefore shifted towards smaller stresses closer to the 
cracking criterion, (2) the drying shrinkage of the zone near the excavation wall tends 
to be restrained by the still humid material located farther from the wall, tending to 
shift the minor effective stress path towards smaller stresses promoting desiccation 
cracking, and (3) cracking becomes more likely as suction (drying) increases.  
The SEM used to image the clay samples (Zeiss, supra 55) operates under high vacuum 
(5 x 10-5 mbar) at room temperature and therefore samples should be dried prior to 
SEM imaging. To protect the in-situ microstructure of the clay samples should be dried 
carefully. In order to investigate effects of different drying methods on the 
microstructure of Opalinus Clay sub-samples from the BDR1_OC drill core were dried 
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using five different drying methods. BIB polished cross-sections were made for all the 
differently dried sub-samples and these are investigated using the SEM.  
2.1 Drying methods 
2.1.1 Room temperature drying 
Drill cores were sub-sampled into pieces of 1 x 0.5 x 0.5 cm suitable for BIB polishing 
using a razor-blade and a 0.3 mm diamond saw at low speed (3 rev./sec.). These 
subsamples were than dried in a closed container (60 ml) with a small opening in the 
cover so that the relative humidity and the temperature in the container was the same 
as in the lab (resp. 35% and 22°C). Weight loss due to water loss was measured during 
two weeks.  
2.1.2 Freeze drying  
Sub-samples, with dimensions of 1 x 0.5 x 0.2 cm, were cut-off from the unpacked 
drill-cores making use of a razor-blade and immediately plunge frozen in slushy 
nitrogen to vitrify wet components. Successful freeze-drying can be defined as 
freezing of the clay without the formation of ice crystals which distort the 
microstructure (Dahl & Staehelin, 1989). The sample size was this thin on purpose, the 
thinner the sample the faster it will freeze preventing ice crystals to have time to 
develop. After water in the samples was vitrified the samples were freeze-dried for 24 
hours at a pressure of 0.1 mbar and a temperature of -40°C. The subsamples were 
weighted before and after freeze drying.  
2.1.3 Vacuum drying  
Sub-samples (1 x 0.5 x 0.5 cm) were placed inside a desiccator, wherein the pressure 
was reduced with 100 mbar every 24 hours until the pressure difference between 
inside and outside was 600 mbar. The weight of the subsamples was measured before 
increasing the vacuum at each step and when the experiment ended.  
2.1.4 Oven drying 
Sub-samples (1 x 0.5 x 0.5 cm) were first dried at room temperature (22°C), where 
after they were put in the furnace starting at a temperature of 25°C. The temperature 
was increased with 5°C steps every 24 hours until a temperature of 60°C was reached, 
where after the temperature was increased till 100°C with 10°C temperature steps. 
The weight was measured before increasing the temperature and when the 100°C was 
reached.  
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2.1.5 Controlled humidity drying 
In order to control the humidity of the air during drying of the subsamples (1 x 0.5 x 
0.5 cm) the samples were put in a container (15 ml) without a top which was then put 
in a closed (60 ml) container wherein a known salt solution controlled the humidity of 
the air. The first salt solution used was sodium chloride which has an equilibrium 
relative humidity of 75.29 ±0.12 at 25°C. The weight loss was measured during a 
couple of weeks until the subsample did not lose more water, where after the salt 
solution was interchanged with magnesium nitrate that has an equilibrium relative 
humidity of 52.89±0.22 at 25°C. The subsamples were weighted every couple of days.  
2.2 Results 
2.2.1 Room temperature drying 
The sub-samples dried at room temperature were dried at a relative room humidity of 
35%, resulting in a mean weight loss of 3.1% after 14 days (Table 2-1). After BIB cross-
section polishing the mean weight loss of the sample was 6% due to the low vacuum 
inside the cross-section polisher. The polished cross-section of a room temperature 
dried sample can be found in Figure 2.1. 
 
Table 2-1: Results showing average weight loss and water-loss porosity for the samples that were dried at a 
relative room humidity of 35%.  
 
Figure 2.1: BIB polished 
cross-section of the room 
temperature dried 
BDR1_OC sub-sample. 
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2.2.2 Freeze drying  
The freeze-dried sub-samples showed an average total weight loss of 8.3%, which is 
corresponding to a water-loss porosity of 20.67%. A polished cross-section of a freeze 
dried sample can be found is shown in Figure 2.2. 
 
Figure 2.2: BIB polished cross-
section of a BDR_OC sub-sample 
that is freeze dried.  
 
 
 
 
 
 
 
 
 
2.2.3 Vacuum drying  
The first step was to reduce the air pressure in the desiccator with 100 mbar already 
resulting in an average weight loss of 4.31% (Table 2-2). Subsequently every 24 hours 
the pressure inside the desiccator decreased with 100 mbar, for results see Table 2-2. 
 
Table 2-2: Results showing average weight loss and water-loss porosity for the samples that were vacuum 
dried. Pressure within in the desiccator was decreased with 100 mbar every 24 hours. 
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A micrograph of the BIB polished cross-section made on one of the vacuum dried 
samples is shown in Figure 2.3. 
 
Figure 2.3: BIB 
polished cross-
section of the 
vacuum dried sub-
sample of the 
BDR_OC drill core. 
 
 
 
 
 
 
 
2.2.4 Oven drying 
Drying experiments started at a temperature of 25˚C in the furnace, weight loss was 
measured every 24 hours just before the temperature was increased. Results can be 
found in Table 2-3. Results are in accordance with Koroleva et al. (2011) who state 
that the water content based on drying at 105˚C varies between 1.36 and 6.86 wt.%. 
A micrograph of a BIB polished cross-section of an oven dried subsample of the 
BDR_OC drill core is presented in Figure 2.4.  
 
Figure 2.4: A 
BIB polished 
cross-section 
of an oven 
dried sub-
sample of the 
BDR_OC drill 
core. 
Chapter 2| 
42 
 
 
Table 2-3: Average weight loss and water-loss porosity of the oven dried samples per drying temperature. 
The temperature was increased every 24 hours. 
2.2.5 Controlled humidity drying 
The average weight loss using controlled humidity drying is summarized in Table 2-4. 
 
Table 2-4: Average weight loss and water-loss porosity summarized per relative used relative humidity. 
The BIB polished cross-section is shown in Figure 2.5. 
Figure 2.5: BIB polished cross-
section of the controlled humidity 
dried sample. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
|Sample drying 
43 
 
2.2.6 Microstructure of the BDR drill-core 
In order to compare the different dried sub-samples a mosaic of ca. 150 x 150 µm was 
made for all sub-samples at a magnification of 20,000 (corresponding to a pixel size of 
14.7 nm), where the place of the mosaics was chosen in between the µm-wide cracks 
present in all of the cross-sections. Representative area, porosity distribution and pore 
shape are summarized in Table 2-5. All mosaics investigated covered the REA (120 x 
120 µm) and the total visible porosity is on average 0.95 %. Abundant minerals 
present in the BDR_OC drill core are: 1. Siderite and Siderite concretions – porous 
parallelograms that appear white in the BSE images, 2. Organic matter – black grains, 
3. Mica – elongated grains showing a variation of gray values pattern in BSE images, 4. 
Calcite – light gray grains that are rounded with grain size up to 60 µm in diameter, 5. 
Quartz – dark gray rounded grains that have a diameter up to 60 µm, 6. Pyrite 
(framboidal) – white round grains sometimes forming aggregates with a single grain 
diameter up to 10 µm, and 7. Clay matrix – rest of the grains that are smaller than 2 
µm are considered to be part of the clay matrix clearly showing bedding (Figure 2.6). 
The clay matrix content varies from 53 to 81 % and the higher the clay content the 
smaller the REA of that sub-sample, see Table 2-5.  Contribution to porosity of the 
cracks varies between 13 and 25 % (Table 2-5). By far most of the visible porosity in 
the mosaics was found in the clay matrix, but other porous phases are present as well 
(Table 2-5), like: Quartz, Calcite, Mica, Framboidal pyrite, Siderite and Fossils. Pores 
present in the Fossils and Framboidal pyrite are connected to the clay matrix, whereas 
pores in quartz, calcite, mica and siderite minerals are not.   
2.3 Discussion 
Various water loss rates have been measured for the different methods, furthermore 
the total amount of water lost varies.  Due to the vacuum of the BIB cross-section 
polisher (6·10-3 - 2·10-4 Pa) total mean weight loss for Vacuum, Oven, Room 
temperature and Controlled humidity drying ends up at 6% (corresponding to a water-
loss porosity of ca. 14-15%), whereas freeze drying of the samples results in a total 
mean water loss of 8.3% (water-loss porosity of 20-21%).  
Although water loss rates and water-loss porosities are different, microstructurally the 
BIB polished cross-sections all look similar with respect to microcracks. The amount of 
cracks varies between 13-25% of the visible porosity and there is no visible trend 
between higher water-loss porosities and the amount of visible cracks in the BIB-SEM 
images. At the moment it is not clear whether these cracks are due to drying of the 
samples (Soe et al., 2009), due to drilling and stress relaxation (Corkum & Martin, 
2007), or a combination of both.  Soe et al. (2009) observed drying induced damage  
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Figure 2.6: BSE image of the freeze dried cross-section of the BDR1_OC drill core. 
for Opalinus Clay samples by the formation of hairline cracks on the surface parallel to 
the bedding and Thury & Bossart (1997) observed unloading fractures with limited 
trace lengths also parallel to the bedding. Either way the cracks observed in the 
polished cross-sections are artificial structures that are not present in-situ in Opalinus 
Clay. The samples studied are taken 5.3-5.6 meter from the gallery wall, which is 
outside the excavation damage zone (0.6-2.2 m) of the Mt Terri Galleries (Schuster et 
al., 2001). All of the cross-sections show cracks in the range of 1-5 µm wide running 
through the entire cross-section. Furthermore, the visible porosity ranges from 0.7 -
1.2 % (Table 2-5). Since no clear differences are visible in the extent of cracks there is 
no way to discriminate the drying cracks from the drilling and stress relaxation cracks.  
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Table 2-5: Summary of the Porosity distribution and pore shape for the differently dried sub-samples of the 
BDR_OC drill core. FD = Freeze dried, OD = Oven dried, VD = Vacuum dried, RtD =  Room temperature dried 
and ChD = Controlled humidity dried. 
Furthermore, the here presented methods did not result in a preferred way of drying 
of these clay samples. So far it can be said that the samples can be dried either way 
Chapter 2| 
46 
 
without changing the microstructure of the Opalinus Clay dramatically. Furthermore, 
because the cracks are visualized their contribution to the porosity can be subtracted 
so that you will end up with the in-situ visible porosity. The five samples were 
adjacent, but not identical; hence heterogeneity of the drill core on the cm-scale is 
visualized by the difference in mineral contribution to the microfabric per cross-
section (Table 2-5). The clay matrix content varies between 50 and 80%, quartz 
between 10 and 20% and calcite between 5 and 25%.  
2.4 Conclusion 
Although the sub-samples are dried using five different drying methods, 
microstructurally the samples look similar (microcracks account for 13 – 25% of the 
visible porosity), indicating that so far none of these drying methods if preferred and 
either one can be used to dry the Opalinus Clay samples without changing the 
microstructure of the clay radically.  
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PORE SEGMENTATION 
3 Pore segmentation 
A SEM image is a digital grayscale image in which the value of each pixel carries 
intensity information. All pixels are exclusively composed of gray shades varying from 
black (0) to white (255). Based on these gray values visible porosity in the micrographs 
is segmented, either manually or by a semi-automatic (in ArcGIS; ESRI, 2008) or a full 
automatic (in MATLAB; The Math Works, 2011) segmentation method.  
With the SE-detector topography of the sample is visualized. Since the cross-sections 
are polished the only clear visible topography are pores which appear as cavities in the 
flat polished surface. This means as a black area surrounded by a bright rim (Figure 
3.1), were the polished area itself has a uniform gray color. This is clearly visible 
plotting the gray level values along one line running through a pore, see Figure 3.1. 
The bright rim is an edge effect of SEM imaging (Reimer et al., 1998); due to the shape 
of the pore edge more electrons are being sent to the detector from here causing a 
brighter spot at this point. In addition, coating is not as good inside the pore as it is on 
the surface also contributing to a brighter signal.   
Micrograph resolution is about 3 pixels, which is illustrated in the bottom graph of 
Figure 3.1, where it is hard to distinguish the 3 pixel wide pore from the background. 
Features that are smaller than 3 pixels wide cannot be differentiated from the 
background. In this Chapter different segmentation methods used are explained and 
the results are summarized. Not only different methods are taken into account, but 
also the ‘human factor’ has been tested by independent persons using the same 
method to segment one micrograph.  
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Figure 3.1: Recognizing pores in the SEM images. A pore is typically a black spot surrounded by a bright rim 
situated in the overall uniform gray background. Along two lines the values are plotted gray illustrating that 
pores clearly show up as features consisting of a bright rim and a dark area in the center.  
 
3.1 Methods  
3.1.1 Manual image segmentation 
Micrographs were manually segmented using ARCMAP 9.3 (ESRI, 2008), whereby the 
visible pores and minerals are all turned into polygons by clicking on the pore rim. The 
exact place of where the pore rim was drawn was based on the gray scale values in the 
images. When plotting the gray scale values along one line of pixels in the micrograph 
a steep plunge is observed at the pore rim, the pore rim is situated there where this 
line is steepest and hence this is where the pore border should be drawn (Figure 3.2). 
Manual pore segmentation is a time consuming process and that is the reason for 
trying to develop an automatic pore detection program to speed up this process based 
on well-established image processing tools such as thresholding, edge detection 
and/or watershed (Burger & Burge, 2009; Gonzalez et al., 2009; The mathworks, 2010; 
Trauth, 2010).  
3.1.2 Semi-automatic segmentation 
A contouring function in ARCGIS (ESRI, 2008) can be used to segment the visible 
porosity. By selecting this function one should click on the pore edge once where after 
the contouring function automatically produces a polygon by calculating all connected 
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pixels with similar gray values, and when the pore rim is clicked on at the right spot 
this results in a polygon surrounding the pore. Advantage of this method is that one 
click results in the polygon surrounding the pore, hence one does not has to manually 
segment the entire pore rim (> 20 clicks per pore). Disadvantage is that this function 
uses a lot of computer memory because it will use the entire image to calculate which 
pixels should be part of the polygon, meaning that one should remember to frequently 
save the polygons already produced.  
 
Figure 3.2: This Figure illustrates 
segmenting of the pores in a micrograph, 
when manual segmentation is used. The 
pore rim is drawn there where the gray 
scale value when plotted along one line of 
pixels is steepest.  
 
 
 
 
 
 
 
 
 
 
3.1.3 Thresholding  
Because of its simplicity and intuitive properties, image thresholding has been used 
frequently in applications of image segmentation (Gonzalez et al., 2009). In image 
processing thresholding simply means that for a gray level image a boundary (single 
value) was defined, every pixel having a gray value higher than the boundary value is 
given the value 1 (white) and every pixel having a gray value equal to or lower than 
the boundary value is given the value 0 (black), hence the method turns a gray level 
image into a binary image (Burger & Burge, 2009). For pore segmentation the 
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threshold is manually chosen and adjusted until the best value for that particular 
micrograph has been found. Advantage of the method is that the time it costs to 
segment one image will be reduced to less than one hour, but disadvantage is that 
‘complex’ pores, for instance pores which display really bright insides or show a gray 
value gradient towards the rim, are not (fully) resolved using this method. 
3.1.4 Edge detection 
Edge detection is an image processing tool which is used particularly for feature 
detection and feature extraction; it aims at identifying points in a digital image at 
which the image has discontinuities, e.g. a sudden change in brightness or color (edge; 
Gonzalez et al., 2009). The discontinuities are discovered by using first- and second-
order derivatives (Gonzalez et al., 2009). The sobel edge detector computes the 
gradient by using discrete differences between rows and columns of a 3 x 3 pixel 
neighborhood, where the center pixel in each row or column is weighted by 2 to 
provide smoothing (Gonzalez and Woods, 2008). Since most pores show this sudden 
change at the pore rim (see Figure 3.1) this method can be used to assign the pore rim 
as an edge and extract the pores from the background. Pores that are not (or only 
partly) detected with this method are the pores that do not have a distinct rim or 
where the rim is not clear all around the pore. Furthermore, the image should be 
cleaned first, because otherwise some striations due to BIB polishing or blobs that are 
present mostly on calcite minerals due to coating also have sudden changes in gray 
values and hence will be picked up as pores.  
3.1.5 Watershed 
In geography, a watershed is the ridge that divides areas drained by different river 
system. The watershed transform applies this idea to grayscale image processing in a 
way that can be used to solve image segmentation problems (Gonzalez et al., 2009). A 
gray level image can be seen as a topographic relief, where the gray level of a pixel is 
interpreted as its altitude in the relief. A drop of water falling on a topographic relief 
flows along a path until finally it reaches a local minimum. The watershed of a relief 
corresponds to the limits of the adjacent catchment basins. Translating this to the 
SEM-micrographs, the pore rims could be interpreted as being the watershed in these 
images, hence it should be possible to use a watershed algorithm to segment the 
pores from the background in SE-images. 
3.2 Results  
In order to illustrate how the different methods function all methods described above 
are used to segment Figure 3.3 A and the results are plotted in Figure 3.3 B-H. Detailed 
pictures of this segmented micrograph are shown in Figure 3.4 and Figure 3.5.  
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Quantitative results per segmentation method are summarized in Table 3-1. What has 
to be noted is that these results only incorporate the pores with an area in between 
the 4069 – 262,144 nm2. This is due to the fact that this is the data-range where all 
segmentation methods produced enough data to be statistically significant.  
 
Figure 3.3: All different segmentation methods are used to segment the SE-image shown in A. B. Manual 
pore segmentation. C. Semi-automatic pore segmentation. D. Thresholding, where a value of 60 has been 
used. E. Pores are segmented using the edge detection method. F. Pores are segmented using the watershed 
algorithm. G. Visible pores present in the image are segmented using a combination of Thresholding and 
Edge detection. H. Pores are segmented using a combination of Watershed and Edge detection.  
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Figure 3.4: A small area of the image shown in Figure 3.3 is zoomed into, to see the difference between the 
different segmentation methods for pores with a ‘difficult to segment’ pore geometry. 
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Figure 3.5: A small area of the image shown in Figure 3.3 is zoomed into, to see the difference between the 
different segmentation methods for pores with an ‘easy to segment’ pore geometry. 
3.3 Discussion 
The pictures shown in Figure 3.3, Figure 3.4 and Figure 3.5 illustrate that egde 
detection, watershed and/or a combination of both does not give the desired results 
with respect to pore segmentation in this particular micrograph, using any of these 
methods visible pores are left out and combined resulting in a segmented pore map 
that does not represent the visible porosity in the micrograph. Manual segmentation, 
semi-automatic segmentation, thresholding and a combination of thresholding and 
edge detection all visually give the desired results, although only with manual and 
semi-automatic segmentation all the pores that are visible are segmented. This is 
mainly due to cleaning of the data when using thresholding or a combination of 
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thresholding and edge detection where all the segmented polygons containing less 
than 10 pixels are removed from the segmented micrograph because of a large margin 
of error for these small pores using thresholding.  
 
Table 3-1: Summary of the porosity, no. of pores, power law dimension, circularity, axial ratio and 
orientation for the different segmentation methods. Thr + Ed are the results from a combination of the 
methods thresholding and Edge detection. Watershed + Ed is a combination of the methods watershed and 
Edge detection. 
The influence of the users has been tested by independent users using the same 
segmentation method on the same image. The reference micrograph (Figure 3.3 A) 
has been segmented manually by three independent users, where one user used the 
semi-automatic method. Furthermore, also the thresholding + edge detection method 
has been performed three times on the reference micrograph by independent users. 
Comparing manual segmentation with semi-automatic segmentation shows that the 
quantitative results (see Table 3-1) are quite different (> 10 %) with respect to 
porosity, circularity and orientation, whereas results for the two manual segmented 
pictures are all within a 10 % difference range. This shows that results from the semi-
automatic pore segmentation method, although visually similar to manual 
segmentation, cannot be directly compared to the results gained by manual pore 
segmentation. Both methods are time-consuming; it took 1 hour to segment the 
reference micrograph with either manual segmentation or semi-automatic 
segmentation.  
Based on the segmented pictures (Figure 3.3, Figure 3.4 and Figure 3.5) it has already 
been said that Edge detection, Watershed and a combination of the two does not give 
the desired segmented picture, leaving thresholding or the thresholding + edge 
detection methods for automatic segmentation of these kind of micrographs. 
Thresholding + edge detection is preferred over thresholding, because of the fact that 
with edge detection you will combine the single pixels selected with thresholding into 
one polygon, resulting in a better segmented picture (Figure 3.6).  
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Figure 3.6: These images illustrate the difference between image segmentation by just thresholding (B) and 
image segmentation where after thresholding edge detection is performed (C). 
The three independent users have chosen respectively a gray value of 56, 60 and 65 
for thresholding, giving differences of less than 10 % in the quantitative results for 
porosity, pore shape and power law dimension. This shows that this method is 
reproducible and that the three users have chosen similar threshold values 
independent of each other. Furthermore, this method segments the reference image 
in approximately 10 minutes.  
Even though the visible porosity is different (due to removal of the pores smaller than 
10 pixels for the automatic method) comparing manual segmentation with 
thresholding + edge detection, power law dimension, circularity, axial ratio and 
orientation show similar results for both methods. Results of the thresholding + edge 
detection method are comparable to the manual segmentation results segmenting the 
reference image. Furthermore, the binary image that results from the thresholding + 
edge detection method can afterwards be ‘cleaned’ manually by loading it into ArcGIS 
(ESRI, 2008), converting it to polygons and compare this to the original image where 
after the polygons when necessary can be improved to better resemble the original 
pore image.  
3.4 Conclusion 
Valid methods for pore segmentation from SEM SE-micrographs are manual 
segmentation, semi-automatic segmentation or an automatic pore segmentation 
method combining thresholding and edge detection in MATLAB. Manual segmentation 
and thresholding + edge detection show similar results with respect to power law 
dimension, circularity, axial ratio and orientation, but visible porosity is not 
comparable. Depending on the time available to segment an image one can choose 
one of these two methods, remembering that the visible porosity is lower when the 
thresholding + edge detection method will be used.  
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4 Pore morphology and distribution in the Shaly 
facies of Opalinus Clay (Mont Terri, Switzerland): 
insights from representative 2D BIB-SEM 
investigations on mm to nm scale 
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Abstract 
We used Broad-Ion-Beam polishing in combination with Scanning Electron Microscopy 
to study the microstructure and porosity in the Shaly facies of Opalinus Clay (northern 
Switzerland). With resolutions of a few nm, we studied areas of around 1 mm2, 
sufficiently large to be statistically representative for the microstructure. In three 
samples from a 1 m long drill core from the Mt Terri laboratory, a qualitative description 
of the microstructure was combined with quantitative description of porosity. Eight 
different mineral phases and six different pore types are identified, in the clay matrix, 
siderite, pyrite framboids and fossil shells respectively. Pore sizes in the clay matrix have 
a power law distribution with an exponent of -2.4. Porosity inferred from the BIB-SEM 
method is comparable to that measured using mercury porosimetry. Based on 
micrographs made perpendicular and parallel to the bedding we show that pores and 
minerals are homogeneously distributed in 3D, and present a microstructural model for 
the Shaly facies of Opalinus Clay. This model defines predictable homogeneous porous 
PORE MORPHOLOGY AND DISTRIBUTION IN 
THE SHALY FACIES OF OPALINUS CLAY 
(MONT TERRI, SWITZERLAND): INSIGHTS FROM 
REPRESENTATIVE 2D BIB-SEM INVESTIGATIONS ON MM 
TO NM SCALE 
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and non-porous regions with similar pore characteristics. Combined, these form the 
heterogeneous fabric of Opalinus Clay (Shaly facies).  
Key words: Opalinus Clay (Shaly facies), Broad-Ion-Beam milling, SEM imaging, Pore 
morphology, Pore size distribution, Mercury porosimetry.  
4.1 Introduction 
In the Mont Terri Rock Laboratory (Switzerland), eleven organizations from six 
countries are investigating jointly the Opalinus Clay (Bossart & Thury, 2007). The aim is 
to analyze its hydrogeological, geochemical and rock mechanical properties and to 
observe how these properties change during and after gallery excavation, heating and 
emplacement of buffer material in order to evaluate the long term performance (> 
500 000 years) (NAGRA, 2002; Bossart & Thury, 2008). A major contribution to 
understanding the sealing capacity, coupled flow, capillary processes and associated 
deformation in clay is based on detailed investigation of the rock microstructure 
(Marschall et al., 2005; Esteban et al., 2006; Fanchi, 2010), including pore morphology. 
The Opalinus Clay formation is a fine-grained sedimentary rock, deposited 180 Ma ago 
in a shallow sea (Thury & Bossart, 1999a, 1999b; NAGRA, 2002), compacted to a low 
porosity and low anisotropic permeability (hydraulic conductivities in the range of 
1.10-14 m/s to 1.10-12 m/s; Boisson et al. 2005). On a regional scale the lateral 
variability of facies and lithology is low (NAGRA, 2002), with three lithological sub-
facies (Pearson et al., 2003): Shaly, Sandy and Sandy carbonate-rich (Bossart & Thury, 
2008). This paper focuses on the Shaly facies, the clay rich, homogeneous end-
member of Opalinus Clay.  
Porosity of the Shaly facies of Opalinus Clay has been measured so far using 
densitometry (14.0-24.7%), water loss (12.6-21.1%), mercury injection (9.75-10.6%) 
and ion (Cl-) exchange (8-10%) (Bossart & Thury, 2008), details of the different 
methods and results are summarized in NAGRA (2002) and Boisson et al. (2005). These 
studies show that the total porosity of Shaly facies of Opalinus Clay is in the range of 
12 - 24% and the connected porosity in dried samples is in the range of 8 – 11%. 
Structural diagrams illustrating the organization of porosity in claystones have been 
proposed by Yven et al. (2007), who state that the clay domains form a fully connected 
porous matrix in which tectosilicate, carbonate crystals and bioclasts are either 
enclosed, isolated or form clusters.  
Imaging of pore space in fine grained geological materials is a rapidly developing field 
since ion beam milling was shown to produce smooth and damage- free surfaces 
(Holzer et al., 2007, 2010; Desbois et al., 2008, 2009, 2010a, 2010b, 2011a; de Winter 
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et al., 2009; Loucks et al., 2009; Holzer and Cantoni, 2011; Heath et al., 2011; Keller et 
al., 2011). Commercial Focused Ion Beam (FIB) tools in SEM are based on Gallium ion 
sources (1pA -> 50nA) and produce typical cross-sections of a few m2, where serial 
sectioning is used for the investigation of microstructures in 3D (Holzer et al., 2007, 
2010; Desbois et al., 2008; De Winter et al., 2009; Heath et al., 2011). In a FIB serial 
sectioning study Keller et al. (2011) constructed a 3D model of the pore space in 
Opalinus Clay. They determined spatial orientation of pore space, pore path 
orientation pore path tortuosity and pore path length. Broad Ion Beam (BIB; up to few 
mA, Argon source) devices are commercially available as stand-alone machines and 
the technique is able to produce polished surfaces up to a few mm2, which is ca. one 
hundred times bigger than cross-sections produced by FIB. This last feature is of 
particular interest for claystones and other fine-grained materials since it is the typical 
scale of the representative elementary area (REA). For coarse-grained material (e.g. 
sandstones) the size of a BIB cross-section does not cover characteristic REA but it 
allows characterization of porous phases in between mm-sized grains which still helps 
understand diffusion in these rocks (Robinet et al., 2012) and investigation of 
representative pore morphologies in different mineral phases (Desbois et al., 2011a) 
at SEM resolution.  
The aim of this study is to qualitatively and quantitatively describe the porosity and 
pore morphology in the Shaly facies of Opalinus Clay using a combination of BIB-
milling and SEM-imaging of representative areas. The BIB-SEM porosity results are 
compared to mercury intrusion porosimetry to gain insight into the connected pore 
network in 3D. 
4.2 Material and Methods 
4.2.1 Geological settings and samples 
The Opalinus Clay samples studied here are from a borehole in Gallery 98 in the Mont 
Terri rock laboratory (Canton Jura, Switzerland, NAGRA, 2002). This laboratory is 
located ca. 300 m below the surface next to a security gallery of a highway tunnel in 
northern Switzerland (Thury & Bossart, 1999). Gallery 98 intersects a 243 m long 
section of Opalinus Clay (thickness ca. 160 m) which dips to the Southeast, while the 
gallery cross-cuts all three facies. A core taken in the Shaly facies with a 101 mm 
diameter tungsten carbide bit, cooled with dried air, at a distance of 2.72 m from the 
gallery wall was sub-sampled into six pieces. Samples investigated here were taken 
with 20-30 cm spacing along this 1 m long drill core. After drilling, the cores (end of 
January 2009) were stored immediately in aluminum barrier foil.  
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4.2.2  Sample preparation 
Core samples (Table 4-1) were unpacked from the aluminum barrier foil, a small piece 
(ca. 1 x 0.5 x 0.5 cm) was broken off from the middle of the drill core and dried using 
three different methods: (1) a subsample from the BCS-2/5 drill core was slowly dried 
at room temperature at a relative humidity of 35 % for a month, (2) a subsample from 
the BCS-2/1 drill core was oven dried at 60 °C for a week and (3) a subsample of the 
BCS-2/3 drill core was plunge-frozen in liquid nitrogen and freeze-dried for 24 h at a 
pressure of 0.1 mbar and a temperature of - 40 °C. Before and after drying, the 
samples were weighed to determine the water loss. These three subsamples are taken 
20 - 30 cm apart along the BCS-2 drill-core and were selected to get an overview of the 
microstructure along the 1 m long drill-core (Table 4-1). 
 
Table 4-1: Sample list of studied samples of borehole BCS-2, gallery 98, Mont Terri rock laboratory 
(Switzerland) – Shaly facies of Opalinus Clay. 
Dried samples are pre-polished dry using carbide paper (to grit size 2400). This 
reduces the surface roughness to ca. 20 µm and prepares the surface for a smooth BIB 
cross-section by minimizing the curtaining effect (Desbois et al., 2011a, 2011b). The 
cross-section polisher removes a slice of 100 µm from the edge of the sample, 
eliminating pre-polish damage. Cross-sections on the air-dried and freeze-dried 
samples (Figure 4.1, Figure 4.2 and Figure 4.3) were cut perpendicular to the bedding 
using Ar-ion beam milling in the JEOL (SM 09010) cross-section polisher. In order to 
study possible microstructural anisotropy in the oven-dried sample, three cross-
sections were prepared, two perpendicular to the bedding at a 90° angle from each 
other and one parallel to the bedding (Figure 4.4). The cross-section polisher produces 
surfaces up ca. 1 mm2, in 6.5 h at 6 kV and 150 µA.  
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Figure 4.1: Cross-section overviews. The samples were dried before a BIB polished cross-section was made, 
the magnification used only resolves the larger cracks. In addition to the cracks that are visible in these cross-
section overviews, smaller cracks become visible when zooming into the polished cross-section (see insets).: 
A. Overview of the polished cross-section of sample BCS-2/5 which was air dried. B. Polished cross-section of 
the freeze dried sample BCS-2/3. C. Polished cross-section overview of the oven-dried sample BCS-2/1. 
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Figure 4.2: A. BSE 
micrograph overview of 
the typical microstructure 
present in the Shaly 
facies of Opalinus Clay, 
where the most 
abundant minerals 
(quartz, fossil shell, 
calcite, pyrite, siderite, 
mica and organic) are 
indicated (BCS-2/5, air 
dried). B. A SE 
micrograph of the Shaly 
facies of Opalinus Clay 
featuring pores present 
in the clay matrix, fossil 
shell and pyrite (BCS-2/5, 
air dried).  
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Figure 4.3: SE micrographs, with to the left of each image the pores segmented for that part of the 
micrograph, of Opalinus Clay using different magnifications illustrating an increasing resolution with 
increasing magnification used. A. At a magnification of 3,000, this SE micrograph was made to get an 
overview of cross-section, using this magnification though does not allow pore segmentation in great detail. 
B. SE micrograph taken at a magnification of 25,000, allowing detection of pores down to 30 nm in width. C. 
SE micrograph taken with a magnification of 50,000, used to visualize pore throats connecting pores in 2D.  
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Figure 4.4: For the 3D representation of the Opalinus Clay, cross-sections were made on three different sides 
of a cube of sample material. A. A segmented SE micrograph and a BSE micrograph taken parallel to the 
bedding. B. Segmented SE-micrograph and BSE micrograph perpendicular to the bedding. C. Segmented SE 
micrograph and BSE micrograph taken perpendicular to the bedding, but taken at an angle of 90 degrees to 
the micrographs shown in B. 
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4.2.3 Microstructural imaging 
Samples were gold coated before imaging to prevent them from charging (Goldstein et 
al., 2007). Investigation of porosity was done using the Secondary Electron (SE) 
detector at an acceleration voltage of 5-10 kV, with a working distance of 6-8 mm and 
a magnification of 3,000 – 100,000. A low magnification was used to get an overview 
of the total cross-section using both the SE (Figure 4.1) and BSE detectors, followed by 
high resolution mosaic imaging in areas free of 2 – 10 µm wide cracks (Figure 4.2 B, 
Figure 4.3 and Figure 4.4). The resolution of the SEM (Zeiss, Supra 55) is defined as the 
minimum spacing at which two features of the specimen can be recognized (Goldstein 
et al., 2007). The smallest pores resolved in our BIB-polished cross sections of Opalinus 
Clay are 9 nm wide, using an acceleration voltage of 5 kV and a magnification of 
100,000 using the SE detector. The smallest features clearly visible with the Back 
Scattered Electron (BSE)-detector are in the order of 100 nm using an acceleration 
voltage of 20 kV and a magnification of 8,000. Mineral composition was determined 
qualitatively using characteristic gray values of the minerals in BSE images (Figure 4.2 
A and Figure 4.4) and quantitatively by Energy-dispersive X-ray spectroscopy (EDX) 
using an acceleration voltage of 15 – 20 kV.  
The representative elementary area (REA) for the pores in Opalinus Clay in a polished 
cross-section was determined by point counting both based on mineralogy using a BSE 
image and on the porosity using a SE image. A fine grid was placed over a micrograph 
consisting of different square box sizes. The smaller the area covered by the 
micrograph, the larger the fluctuation in measured porosity, mineralogy and pore size 
distribution (Kameda et al., 2006).  
In order to image a REA with a resolution sufficient to detect the pores (Figure 4.3), 
SEM micrographs were first treated to fit the same gray-value histogram to smooth 
the drift in SEM signal intensity and afterwards combined into one high resolution 
image (> 100 million pixels) using Autopano giga 2.0 (Kolor, 2008). The program is 
based on the RANdom SAmple Consensus (RANSAC), to estimate transformations from 
features detected in one image to the same features in a second image (Kolor, 2008). 
The software can be used to combine SEM and microscope images (Homola, 2010; 
Desbois et al., 2011a; Klaver et al., 2012). Depending on the size of an area for 
statistically representative measurements, a magnification was chosen that was a 
compromise between the realistic limit of mosaic imaging (ca. 500 micrographs) and 
the micrograph resolution (Figure 4.3).   
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4.2.4 Image processing 
Pores present in the micrographs are distinguished by a characteristic gray value 
pattern of a bright rim and a dark pore body, which is present for all pores in all the 
SE-micrographs. With the SE-detector the topography of the sample is visualized, and 
since the cross-sections are perfectly polished the only visible topography are the 
pores. The polished background exhibits a uniform gray color, shown by plotting gray 
values along one line (Figure 4.5 A), where black is represented by the value 0 and 
white by the value 255. The bright rim is an edge effect of SEM imaging (Reimer et al., 
1998; due to the shape of the pore edge more electrons are sent to the detector from 
the rim, causing this rim to be brighter in the micrographs). In addition, gold-coating is 
not as good inside the pore as it is on the surface, contributing also to a brighter 
signal. The minerals are segmented based on their characteristic gray values in the BSE 
image and by using both EDX maps and EDX point measurements. 
 
Figure 4.5: A. Typical pore in a 
SE micrograph, where the 
pore appears as a gap in the 
polished cross-section. Pores 
are detected using gray value 
patterns where dark pixels, 
surrounded by a white rim are 
identified as pores. This is also 
illustrated by the gray value 
profile shown at the bottom of 
the micrograph. From the gray 
values inside the pore, we 
interpret profiles of pore 
topography (top right). 
Furthermore, the gray value 
graph is interpreted as a three 
pixel wide pore (shown in the 
magnified box). B. Pore as 
shown in A segmented 
manually. C. Histogram of the 
gray values in the image 
shown in A, where the 
threshold value is indicated 
with a dashed line. D. The 
pore as shown in A segmented 
using Thresholding in MATLAB 
(The Math Works, 2010). E. 
The pore shown as in A 
segmented using a 
combination of Thresholding 
and Edge detection in MATLAB 
(The Math Works, 2010). F. 
The pore as shown in A 
segmented using the 
watershed function in 
MATLAB (The Math Works, 
2010). 
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After identifying the pore-bearing minerals using BSE and EDX micrographs, the visible 
pores and mineral grains were segmented (Figure 4.5) and classified either manually 
using ARCMAP 9.3 (ESRI, 2008) or automatically using a combination of thresholding 
and edge detection in MATLAB (2010a, The MathWorks, 2010). Because manual 
segmentation is time-consuming, different automatic pore segmentation methods 
were tried to segment the porosity, namely; Thresholding, Thresholding + Edge 
detection and Watershed(Figure 4.5 C-F). Thresholding (Gonzalez et al., 2009) was 
based on the image histogram, where the background clearly shows a normal gray 
scale distribution around one value which depends on the settings in the microscope 
and the threshold should be set just below this. To transform the thresholded pictures 
into polygons edge detection has been used for a more accurate result. For watershed 
image segmentation the micrographs are filtered first with a two dimensional sobel 
edge emphasizing filter, followed by the MATLAB watershed algorithm operated on 
the gradient image. Due to the fact that not all pores have a distinct and continuous 
border (Figure 4.5 A) and hence a gap in the bright pore rim, some pores are not 
resolved fully by any of the routines for automatic detection (Figure 4.5 C-F). Pores 
smaller than 10 pixels (at the resolution of the SEM) could not be consistently and 
objectively detected and therefore these are not included in the results. In a manual 
post-processing/quality check phase, pores (larger than 10 pixels) that are not 
correctly segmented are corrected by hand using ARCMAP 9.3. The thresholding + 
edge detection method gives similar results to manual detection with respect to pore 
size distribution, pore orientation and pore shape (Table 4-2), whereas these results 
from other automatic methods deviate from the manual pore segmentation.  
 
Table 4-2: Comparison of different pore segmentation methods on small area, sample BCS-2/5.  
4.2.5 Mercury porosimetry 
Mercury intrusion porosimetry (MIP) is a technique used for characterizing the 
distribution of pore sizes (Abell et al., 1998; Galle, 2001; Hildenbrand & Urai, 2003; 
Yven et al., 2007) in a porous material. The method is based on the fact that a non-
wetting liquid can intrude the pore space, when pressure is sufficiently high: the 
higher the pressure the smaller the pore throats that are filled with mercury (Abell et 
al., 1998).  By using the Washburn equation (Washburn, 1921) the pressure 
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differences can be converted to pore access diameters, assuming that the porous 
material consists of a bundle of nonintersecting tubes (Howard, 1991). Based on a set 
of assumptions on pore morphology, a pore size distribution curve is obtained from 
the intruded volume at each pressure step. 
The samples used in this analysis are sub-samples of core BCS-2/5 (Table 4-1), dried at 
a temperature of 60 °C before MIP experiments. The samples were placed in the 
mercury filled sample cup in a pressure vessel. Then the pressure was slowly increased 
to 4.13·108 Pa, which corresponds to a pore access diameter of 3 nm. The samples 
were weighed before and after the experiments to estimate the amount of mercury 
that remained in the sample.  
4.3 Results 
4.3.1 Drying of the samples 
The air dried (20 °C, RH 35 %) sample shows a weight loss of 1.8 %. Oven drying at 60 
°C and 105 °C for 72 h results in respectively a water loss of 4 and 6 % (at higher 
temperature more strongly bound water evaporates, although not all water can be 
extracted, even at 105 °C, Bossart and Thury, 2008). After drying, samples were put in 
the BIB cross-section polisher which operates under a vacuum of 6·10-3 – 2·10-4 Pa, 
resulting in a total water loss of 6 % (no additional water loss in samples oven-dried at 
105 °C). Samples that were freeze-dried lost about 8 % of water during freeze-drying 
and no extra water during BIB milling. In Figure 4.1, polished cross-sections of samples 
dried using different methods are shown; in all the cross-sections numerous cracks up 
to 10 µm wide and up to 400 µm long are visible. On the scale of the cross-section 
overview (Figure 4.1), taken at a magnification of 100, > 1% of the cross-section area is 
covered by cracks. Next to the cracks visible on the scale of the cross-section 
overview, cracks up to 2 µm wide are also present at higher magnifications (see insets 
Figure 4.1). 
4.3.2 Representative elementary area 
Determination of the REA is based on box counting (Kameda et al., 2006) of the 
porosity and the mineralogy (following the assumption that porosity in the clay is 
linked to mineralogy and mineral distribution), considering 8 different mineral phases 
(clay matrix, pyrite framboid, quartz, calcite, mica, fossil shell, organic matter and 
siderite; Figure 4.2 A). At SEM resolution (Figure 4.6, Figure 4.7 and Figure 4.8), clay 
matrix, pyrite framboid, fossil shell, and siderite are considered as porous mineral 
aggregates, whereas organics, quartz, calcite and mica are non-porous. Once the box 
size exceeds 100 x 100 µm2 the fluctuation in mineral composition (Figure 4.9 A) and 
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porosity (Figure 4.9 B) becomes negligible, providing the minimum REA in a 
micrograph at BIB-cross-section scale. As illustrated in Figure 4.9 A, this does not 
depend on where in the micrograph the starting point is chosen. The typical FIB-SEM 
sample size is indicated in Figure 4.9. 
 
Figure 4.6: A. SE micrograph featuring a half-moon shaped fossil present in a cross-section made 
perpendicular to the bedding, where the fossil shows typical angular pores with smooth pore walls. B. Pores 
in a fossil shell showing angular pore shape and smooth pore walls. C. Framboidal pyrite with single rounded 
pyrite grains clustered, with porosity in between the single grains. D. Pores in a siderite mineral with jagged 
edges.  
4.3.3 Qualitative mineralogy, pore morphology and porosity  
Minerals, fossils and organic matter are embedded in the clay matrix and are 
homogeneously distributed (Figure 4.2, Figure 4.4 and Figure 4.5) Based on BSE 
micrographs, EDX point measurements and EDX maps, minerals were segmented 
(Figure 4.2 A). Each of the eight mineral phases (see previous section) was 
characterized by their own shape, porosity and pore morphology (Table 4-3). 
The identified porous phases can be classified according to the pore classification from 
Desbois et al. (2009) and Heath et al. (2011), where pores within single minerals can 
be assigned certain pore Types: Type I, Type II, and Type III present in the clay matrix; 
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Type VI are cracks; Type VII are pores in pyrite framboid. Other pore types described in 
Heath et al. (2011) were not encountered in the samples investigated for this study. 
 
Figure 4.7: A. SE micrograph of the clay matrix with pores at a magnification of 50,000. B. Enlargement of a 
part of the micrograph shown in A, Arrows indicate different pore types present in the clay matrix. Type I, 
elongated pores between similarly oriented clay sheets and Type II, crescent shaped pores in saddle reefs of 
folded sheets of clay. C. SE micrograph showing an elongated crack that is oriented along the bedding and 
has jagged edges. 
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Figure 4.8: Pore connectivity inferred from 2D images. A. Pore throats in the clay matrix connecting 
different pores in the 2D polished surface. B. Pores in fossil shell are situated at the along the fossil rim, 
indicating that they are connected to the clay matrix. C. Pore throat connecting two pores, where the pore 
throat is smaller than 10 nm. D. Pores in a siderite mineral that are neither connected to the clay matrix or 
to each other. E. Crack connecting pores in fossil to the clay matrix. F. Pores present in a pyrite framboid, 
the pores are situated between single pyrite grains, these pores are connected in 3D to other pyrite pores, 
as well as to the clay matrix. G. The continuation of pores present in the clay matrix can be followed into the 
3
rd
 dimension; the pores presented in this micrograph are connected in 3D. H. Another example of pores in 
the clay matrix that are not connected in the 2D polished surface, but that are connected into the sample.  
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Figure 4.9: A. Results of mineral composition point counting, as function of square box size. On average the 
mineral composition in 2D becomes constant at a box size from 100 x 100 µm onwards, and does not depend 
on the starting mineral. The graph given had as starting point a Quartz grain, but also other minerals are 
used as starting point, which is illustrated with the table presented in the graph. B. Contribution to porosity 
per mineral as a function of square box size. Four significant porous phases are segmented. Variation of 
contribution to porosity per mineral becomes negligible from a box size of 100 x 100 µm onwards. 
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The eight different mineral phases (Figure 4.2, Figure 4.6, Figure 4.7 and Figure 4.8) 
and their characteristic porosity are: (1) Siderite - bright parallelograms in the BSE 
image distinguished by the presence of Fe using EDX, Pores in siderite are elongated to 
roughly circular with jagged edges (Figure 4.2, Figure 4.6 D and Figure 4.8 D); (2) Fossil 
shell - light gray in color and usually half-moon shaped when the cross-section is made 
perpendicular to the bedding (in cuts parallel to the bedding the fossils are round). 
Characteristic pores here are angular, with smooth inner pore walls and an average 
pore diameter of 90 nm, with pores mainly present along the outer edge of the fossil 
(Figure 4.2, Figure 4.6 A,B and Figure 4.8 C,E); (3) Mica - these are the elongated grains 
in the BSE image showing a variation of gray colors depending on the chemical 
composition; no porosity was found in these minerals at the resolution of our images 
(Figure 4.2 A) though they may exist at higher resolution (Sardini et al., 2006) (Figure 
4.2 A); (4) Calcite - light gray rounded grains up to 20 µm in diameter without porosity 
(Figure 4.2 A); (5) Quartz - dark gray rounded grains with a diameter up to 30 µm. A 
single quartz grain featured one pore, a circular fluid inclusion with smooth pore walls 
(Figure 4.2 A); (6) Pyrite - bright round grains up to 5 µm in diameter; these are also 
present as clusters of framboidal pyrite featuring characteristic porosity (Figure 4.2 
and Figure 4.6 C) in between the single pyrite grains (Type VII; Heath et al., 2011); (7) 
Organic matter - these grains are black in BSE images and should not be confused with 
the pores (Figure 4.2 A), which are black as well in the BSE image. Organic matter is 
non-porous at the scale of our observations; (8) Clay matrix - the rest of the 
microstructure is interpreted to be clay matrix, consisting of grains smaller than 2 µm 
with a clear preferred orientation (Figure 4.2). Within the clay matrix three different 
pore types are identified (following Desbois et al., 2009): (I) the elongated pores 
between similarly oriented clay sheets, (II) crescent shaped pores in saddle reefs of 
folded sheets of clay and (III) large jagged pores surrounding mineral grains (Figure 
4.3, Figure 4.7 A, B and Figure 4.8 A, C, G, H). Within the clay matrix,  (9) Cracks (Type 
VI; Heath et al., 2009) are present mainly oriented along the bedding in the cross-
sections perpendicular to the bedding and apparently randomly oriented in cross-
section cut parallel to the bedding. In the cross section cut perpendicular to the 
bedding, the cracks have a high aspect ratio, exhibit rough edges and sharp thin tips at 
both ends, and are deeper than the depth of focus (see Figure 4.1 and Figure 4.7 C); in 
the cross-section sections cut parallel to the bedding, the cracks appear curvy and 
shallow (Figure 4.4). 
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4.3.4 Porosity, pore shape and orientation  
After segmentation and classification of minerals and over 105 pores (Figure 4.4), the 
porosity distribution, pore orientation and pore shape were studied and summarized 
in Table 4-3. In samples investigated up to a magnification of 30,000 the mosaics 
covered the REA, mosaics taken at higher magnifications (<REA) are aimed to image 
the clay matrix (Note that not all mosaics are segmented using the same method 
Figure 4.5, Table 4-3). When all porous phases are taken into account within a REA (i.e. 
BCS-2-5 and BCS-2/3 samples imaged at 25,000 and 20,000 magnification, 
respectively; see Table 4-3), the total visible porosity is about 2.4 % on average. 
At image resolution, pores with the smallest area are present in the clay matrix; they 
are in terms of frequency by far the most numerous although accounting only for ca. 
50% of the visible porosity (Table 4-3). The pore characteristics measured 
perpendicular and parallel to the bedding in the clay matrix (BCS-2/1, Table 4-3) do 
not show significant differences. The overall pore shape in the clay matrix 
perpendicular and parallel to the bedding is elongated with a mean circularity of 0.45. 
In the cross-sections perpendicular to the bedding pores are mainly oriented along the 
bedding, and pores are more randomly oriented in the cross-section perpendicular to 
the bedding.  
Parallel to the bedding the cracks (accounting for around 20% of the porosity) are 
mainly elongated (mean circularity of 0.45) and strongly oriented along the bedding 
(Table 4-3). Pores in fossils account on average for 27% of the porosity, are round 
(circularity of 0.7) and do not show any preferred orientation in respect to the 
bedding. Statistics for pores in siderite (Table 4-3) are based on a non-representative 
number of pores, siderite pores only account for 2 % of the total porosity detected in 
the REA: less than 1000 pores were detected in the BCS-2/5 sample, and only 185 
pores in sample BCS-2/3. Therefore, statistics has a large variance of pore shape 
(circularity is between 0.5 and 0.7) and pore orientation. Only one mosaic features 
one framboidal pyrite with characteristic porosity, hence no statistical analysis was 
attempted of pore shape and pore orientation.  
4.3.5 Pore size distribution 
Concepts of fractal geometry have been widely used to describe and quantify 
irregularities as the size/frequency distribution in nature (Mandelbrot, 1987; Korvin, 
1992) and more specifically for description of the size distribution of grains, pores and 
soil pore interface (Krohn and Thompson, 1985; Hansen and Skjeltorp, 1987; Lipiec et 
al., 1998; Martin and Taguas, 1998; Li et al., 2000; Dathe et al., 2001; Menendez et al., 
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2005; Desbois et al. 2009; Yu et al., 2009). A continuous fractal set describing the 
distribution of pore surfaces in 2D is defined by the following power law equation: 
Log [Ni] = −D.Log [Si] + Log [C]    (equation 4.1),  
where Ni is the number/frequency of pores with the characteristic surface Si, D the 
power law exponent and C is a constant of proportionality. Following equation 1, the 
size/frequency distributions of fragmented pore systems, follow a hyperbolic 
distribution where the power-law exponent (D) is a measure of fragmentation in terms 
of the pore size (Korvin, 1992). A normalized discrete distribution of surface has been 
used to compare the data inferred from different mosaics, derived from equation 1, as 
following: 
Log [Ni/(bi.Smosaic)] = −D.Log [Si]+ Log [C*]   (equation 4.2),  
where Ni is the number/frequency of pores with the characteristic area Si within the 
bin-size bi, Smosaic is the area of the mosaic image, D the power law exponent and C* is 
a constant of proportionality. For i = 1, the bin-size is 1 and for i > 1 bi = 2.bi-1. At small-
area extremes the data are limited by the microscope resolution and at large-area 
extremes the data are limited by the size of the investigated area so that rare, large 
pores are not present (Figure 4.10 A, Desbois et al., 2009).  
Figure 4.10 B shows the normalized frequency of pores bound to the clay matrix as a 
function of the binned-area weighted pore area (Berger & Rosell, 2001; Hergwegh et 
al., 2005; Ebert et al., 2007), plotted for all mosaics of the BCS-2/5 and BCS-2/3 
samples (Table 4-3). All individual plots follow a similar power law distribution with 2.1 
< D < 2.6 (Table 4-3) and Log [C*] is on average -0.79 within the range of validity 
defined by Smin and Smax (Figure 4.10 A). The data does not show a correlation between 
D and Log [C*] and the different drying methods (samples BCS-2/5 and BCS-2/3); 
neither with the orientation of the cross section in respect to the bedding (sample 
BCS-2/1). Compilation of pore data of the clay matrix (number of pores > 130,000) 
results in a general power law with D = 2.44 ± 0.16 and Log [C*] = -0.79± 0.78, where 
S*min = 5,000 nm
2 and S*max = 5,000,000 nm
2 (3 orders of magnitude, Figure 4.10 B). 
The same approach was applied to describe the distribution of pores in other porous 
phases, giving a power law exponent of D = 1.5 (Log [C*] = -5.8) for cracks, of D = 2.0 
(Log [C*] = -3.1) for pores in fossils and D = 1.7 (Log [C*] = -5.50) for pores in siderite. 
Pores in framboidal pyrite are present in such small numbers (< 100 pores in all 
mosaics) that no statistics could be performed on the dataset. 
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4.3.6 Pore connectivity 
Areas imaged at a magnification of 50,000 or higher suggest that most pores within 
the clay matrix are connected with pore throats that have diameters smaller than 10 
nm, mainly oriented along the bedding (Figure 4.8 A, C). Furthermore, pores in fossils 
are pervasive, are well connected to the clay matrix (Figure 4.8 B) and in some cases 
also connected to microcracks (Figure 4.8 F). The pores present in the siderite are not 
directly connected to the clay matrix and also poorly interconnected inside the 
mineral (Figure 4.8 D). Inside framboidal pyrite, the pores are very well connected and 
are also connected to the clay matrix (Figure 4.8 F). Cracks are mainly present in the 
clay matrix, but also envelope minerals, where they can act as a connection between a 
mineral and the clay matrix as is illustrated in Figure 4.8 F. By assuming that a 
framboidal pyrite is homogeneous and isotropic in 3D, a framboidal pyrite can be 
described as a sphere containing a number of loosely packed, single pyrite grains 
surrounded by pores (in 3D) with widths up to 400 nm. Due to the possibility to look 
into pores, it is possible to make some preliminary observations about the pore 
connectivity in 3D. This is especially true for the pores in fossil, pyrite and cracks. 
Based on the micrographs, some of the bigger pores are connected in 3D (Figure 4.8 G, 
H).  
4.3.7 Mercury porosimetry 
Two samples (BCS-2/5-Hg-1 and BCS-2/5-Hg-2) of the BCS-2/5 core were intruded with 
mercury. Volumes of BCS-2/5-Hg-1 and BCS-2/5-Hg-2 were 0.06 and 0.22 cm3, 
respectively and weight of the samples before the experiments was respectively 0.16 
and 0.61 g. After intrusion and extrusion of mercury, a weight increase was measured 
corresponding to mercury intrusion of respectively 0.007 mL and 0.03 mL. According 
to the extrusion experiments 76.5% of the mercury should still be in the samples, 
based on the weight of the samples after mercury intrusion 73% of the mercury was 
present in the samples.  
Measured infiltrated mercury (in mL/g) was converted to porosity using the bulk dry 
clay density (2.50 g.cm-3 for BCS-2/5-Hg-1 and 2.24 g.cm-3 BCS-2/5-Hg-2). Assuming a 
tube model for the pore space, the pressure steps used can be converted to pore 
access diameters using the Washburn equation (Washburn, 1921). Both samples show 
an increase in contribution to porosity from access diameters of 120 nm onwards, 
defining the point where the mercury starts intruding the connected pore network 
(Figure 4.11 A). The median pore access diameter is 20 nm. Mercury is trapped in the 
sample when the geometry of the porous network is highly heterogeneous (Wardlaw 
& McKellar, 1981) and the pore body to pore throat ratio exceeds 6 (Webb 2001), 
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where this ratio relates the fraction of porosity filled to the pore sizes that control this 
state during intrusion and extrusion (Webb, 2001). 
 
Figure 4.10: A. Power law fit of the segmented pore size distribution in the mosaic of the air dried sample 
BCS-2/5 made using a magnification of 25,000. The graph illustrates the boundaries of self-similarity of the 
pores segmented in this micrograph. Pixel size is indicated as well to illustrate that pixel size and resolution 
are different. B. Normalized area versus pore size for the pores segmented in all mosaics of the samples BCS-
2/5 and BCS-2/3. Pore size distribution for pores situated in the clay matrix is similar for all mosaics and the 
pores are distributed with a power law exponent of 2.4 and a constant of proportionality of -0.79.  
Maximum pore diameters observed in the SEM micrographs are in the order of 1 µm -
10 µm. This indicates that the mercury porosity is overestimated due to the surface 
roughness of the sample and cracks in the sample and should be corrected down to 
maximum access diameters between 100 nm and 10 µm resulting in a mean 
connected porosity of 13.3 ± 1.7 % (Figure 4.11 B).   
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Following the fundamental principles of stereology (Underwood, 1970) a 3D volume 
can be assimilated by a surface S in 2D and the surface A in 3D can be assimilated by 
the pore perimeter in 2D (Cerepi et al., 2002). A sampling process of the image curve 
of porosity versus capillary pressure allows obtaining a series of image capillary 
pressures (Cerepi et al., 2002). Differences in the mercury data and the BIB-SEM data 
of the cumulative porosity versus pressure are illustrated in Figure 4.11 B, where the 
capillary pressures in the SEM images have been calculated for all the visible pores 
combined and for just the pores in the clay matrix.  
Furthermore Figure 4.11 C shows that pore access area (Saa) distribution follows a 
power law distribution with an exponent of 2.2 in the validity range of 100 < Saa (nm) < 
1·108. 
4.4 Discussion 
4.4.1 Effect of drying 
The samples investigated here are taken 2.7 m from the gallery wall, which is  just 
outside the Excavation damaged Zone (0.6-2.2 m) of the Mt Terri Gallery (Schuster et 
al., 2001). Soe et al. (2009) observed drying induced damage for Opalinus Clay samples 
by the formation of hairline cracks on the surface parallel to the bedding and Thury & 
Bossart (1999b) observed unloading fractures with limited trace lengths also parallel 
to the bedding. This indicates that the cracks observed in the polished cross-sections 
are artificial structures that are not present in-situ in Opalinus Clay, but the origin of 
the cracks is not clear. In this study we focused on mapping areas between the cracks 
visible in the cross-section overviews, to study the undisturbed matrix porosity.  
The three different methods used for drying of the samples (air drying, oven drying or 
freeze drying) do not show differences in the visible damage (amount of cracks) of the 
microstructure of the clay. Holzer et al. (2010) concluded that the microstructure of 
hydrated bentonite (which has a higher percentage of swelling clays than the Opalinus 
Clay) is damaged by both oven drying and plunge freeze-drying. Segmented mosaics 
show that ca. 20% of the segmented pores are classified to be cracks, where the 
imaged areas are selected in between the biggest cracks that are visible at the lowest 
magnifications (Figure 4.1).  
We note here that these cracks also affect measurements like gas adsorption, MIP, 
etc. performed on dried samples. These data should be corrected for an increase in 
porosity due to cracks. Currently we are testing a cryo-SEM imaging method (Holzer et 
al., 2007; Desbois et al., 2008, 2009, 2011b), for imaging the fluids present in the 
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Opalinus Clay in-situ, which will show whether or not these cracks are present in the 
‘in-situ’ samples or form during sample drying. 
 
Figure 4.11: A. Mercury 
porosimetry data showing the 
contribution to total porosity 
vs. pore access diameter for 
the two samples investigated, 
where contribution to 
porosity for throat diameters 
larger than 100 µm is 
interpreted as porosity due to 
surface roughness and cracks. 
B. Porosity vs. capillary 
pressure for the mercury data 
as well as the BIB-SEM data. 
The mercury data has been 
corrected for surface 
roughness and cracks, and the 
three lines show the 
difference in measured 
porosity depending on where 
the data has been cut-off 
(resp. pore access diameters 
of 100nm, 1 µm, 10 µm). The 
BIB-SEM data indicated in the 
graph shows that pores in the 
clay matrix follow a similar 
pore size distribution as the 
mercury data, when the 
porosity in all porous minerals 
is plotted the pore size 
distribution is higher, but the 
measured porosity is still in 
the same range as the 
mercury data.   C. The 
mercury porosimetry data 
showing an average power 
law distribution of 2.2 for the 
pore throats over almost 7 
orders of magnitude.  
 
 
 
4.4.2 Pore detection 
A minimum area of one REA = 100 x 100 µm2 contains a representative set of pores 
(Figure 4.9). In this study the representative area is imaged up to a magnification of 
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30,000 and four different kinds of pore-bearing phases are distinguished at this 
resolution. Mosaics made at higher magnification in BCS-2/5 (50,000 and 100,000) and 
BCS-2/3 (50,000) are used to image the clay matrix (Figure 4.3). The graphs in Figure 
4.10 B show a maximum at Smin (Figure 4.10 A) which depends on the magnification 
used. This Smin is at a pore area of 100 pixels for all cases, strongly suggesting that the 
deviation from a straight line is a consequence of the loss of resolution. Pore 
segmentation results in a visible porosity in the Shaly facies of Opalinus Clay between 
1 and 4%.  
Using a combination of FIB-SEM Keller et al. (2011) obtained a similar porosity of ca. 2 
vol.% within the Shaly facies. Conventional methods like densitometry, water loss 
porosity and MIP result in higher measured porosities for the Shaly facies of Opalinus 
Clay (Bossart & Thury, 2008). The difference in visible porosity in the micrographs and 
the porosity measured using conventional methods can be explained by the resolution 
of the method. The higher the magnification used, the higher the visible porosity is in 
an imaged area (Table 4-3), indicating that pores with sizes smaller than micrograph 
resolution in the clay matrix contribute significantly to the porosity, which is 
confirmed by gas adsorption measurements (NAGRA, 2002) and MIP showing that the 
most abundant pore radii are between 1 and 25 nm. Furthermore, the value of the 
power law exponent for porosity in clay matrix (D = 2.44, Figure 4.10 B) indicates that 
pores with radii < 100 nm contribute significantly to the total porosity. A pore is 
always detected once it exceeds 100 pixels, with a pixels size of 3 nm (magnification of 
100,000) this corresponds to an equivalent pore radius of 17 nm. The drop in the 
frequency-size graph (Figure 4.10 A) is explained by pores not always being detected 
when smaller than 100 pixels, meaning that they are left out when calculating the 
pore size distribution. 
4.4.3 Pore morphologies and pore size distribution  
Three kinds of porous mineral aggregates are identified in this study and per mineral 
aggregate the pore size distribution, pore shape and pore orientation are similar in all 
investigated mosaics made perpendicular to the bedding (Table 4-3). On the scale of 
observations pores are mainly oriented along the bedding and are shaped from 
elongated for pores in non-clay minerals to very elongated in the clay matrix. 
Furthermore, pores are mainly sub micrometric in all the minerals, but pores in the 
clay matrix are one to two orders of magnitude smaller than pores in the pore bearing 
minerals and in cracks.    
Next to the parameters of size, circularity and orientation, the power law exponent 
also differs per pore set. The power law exponent for pores in the clay matrix is 
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significantly higher (D = 2.4) than the power law exponent calculated for others porous 
phases (D ≤  2.0). This indicates a pore size distribution dominated by the smallest 
pore size in clay matrix, whereas in others porous phases it is controlled by the pore 
fraction with the largest size. The plot in Figure 4.10 B shows that all mosaics follow 
one power law fit, indicating that the pore size distribution is self-similar, supporting 
extrapolation of the power law fit to pores not visible using the SEM, in accordance 
with Martin and Tagaus (1998). Before extrapolation of the BIB-SEM data the 
boundaries of self-similarity for pore areas need to be considered, where the 
characteristic class of statistically self-similar objects is different over different length 
scales (Lee et al., 1990). Considering only the porous phases connected to the clay 
matrix (at the scale of SEM observations), large pores in the Shaly facies of Opalinus 
Clay are bound by cracks, fossils and pyrite framboids and form the upper bound for 
the pore network. The lower bound in the clay matrix is set by an equivalent pore 
radius of 1.5 nm equivalent to the MIP data or 2 nm corresponding to BET data 
(NAGRA, 2002).  
The extrapolated porosity in the clay matrix is (driven by the value of the power law 
exponent D = 2.4) not sensitive to an upper bound. Depending on whether the data is 
extrapolated to an equivalent radius of 1.5 or 2 nm the extrapolated porosity in the 
clay matrix is in the range of 10 - 20 %. Pores in the fossils, pyrite and cracks are all 
distributed with a power law exponent D ≤ 2.00 (Table 4-3), meaning that the upper 
bound for pore sizes is in this case more important than a lower bound. The maximum 
pore size in the pore bearing minerals is set at an equivalent pore diameter of 1- 5 µm. 
Extrapolating the porosity in fossils, siderite and cracks results in extrapolated 
porosities of respectively; 3 – 3.8%, 0.2 – 1.6% and 0.2 – 3.1%.   
Conversion of 2D data to the 3rd dimension is not straightforward especially when the 
pores are not disk-shaped (Higgins, 2000). Nevertheless, based on the area-weighted 
pore size distribution, our BIB-SEM data can be compared to data from MIP. The MIP 
data shows a power law distribution for pore access areas (Figure 4.11 C), where the 
average power law exponent is D = 2.2 over almost 7 orders of magnitude (100 < Saa < 
1·108, Figure 4.11 C). Combining all the BIB-SEM data of the connected porous phases 
results in a pore size distribution with D = 2.12 ± 0.09, suggesting that the pore access 
areas and pore areas show a similar size distributions. 
In summary, both BIB-SEM and MIP measurements show that: (a) the connected 
porosity is mainly represented by pore equivalent radii smaller than 40 nm within the 
clay matrix (Table 4-3, Figure 4.11 A), and (b) the pore access areas are power law 
distributed with D ca. 2.2, which is similar to the pore area distribution of all pores 
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combined D = 2.12. This implies that data inferred from microstructural investigations 
(on surfaces of 1 mm2) can be up-scaled to fully explain bulk porosity properties based 
on larger sample volumes (cm3). 
4.4.4 Anisotropy and homogeneity of microstructure 
The samples were taken roughly 25 cm apart along a one-meter drill core. Results 
show similar microstructure, pore size distribution, pore orientation and pore shape, 
suggesting that the mineralogy and also the porosity are homogeneous in this 
Opalinus Clay drill core (Table 4-1). Opalinus Clay is known to be heterogeneous on the 
meter to kilometer scale based on layering and mineralogical differences 
perpendicular to the bedding. On the centimeter to decimeter scale there is evident 
bedding mainly due to the platy nature of clay particles (NAGRA, 2002), but also due 
to variation in mineral composition. Using macroscopic measurements the Shaly facies 
of Opalinus Clay appears homogeneous at the decimeter scale (NAGRA, 2002); the 
investigations presented here suggest that this homogeneity is also reflected in the 
microstructure. BIB milling in combination with SEM imaging allows representative 
area investigation of the Shaly facies of Opalinus Clay of porosity, morphology and 
pore size distribution. Furthermore, the technique is complementary to the FIB-SEM 
technique due to the fact that the BIB cross-sections can be used to locate the 
suitable, representative area for a FIB-SEM experiment (Keller et al., 2011).  
By comparing cross-sections of the oven-dried samples parallel and perpendicular to 
the bedding (Figure 4.4), our data suggests that the pore size distribution and shape 
are similar within the clay matrix (Table 4-3) independent of the orientation. The pore 
orientation in clay matrix is along the bedding with a more random orientation for 
pores appearing in the cut parallel to the bedding (Table 4-3). Quartz, calcite and 
siderite show no clear orientation parallel to the bedding. In the cross-sections 
perpendicular to the bedding, minerals are also embedded in the clay matrix, but the 
clay fabric is curved around larger grains, a structure interpreted to have formed 
during compaction. Observations suggest that fossil shells have their long axes 
oriented in the bedding plane: fossils are mostly round in the section parallel to the 
bedding whereas they are predominantly half-moon shaped in the cuts perpendicular 
to the bedding (Figure 4.4). Orientation of the cracks in sections perpendicular to 
bedding is along the bedding, whereas in the section parallel to the bedding cracks are 
randomly oriented, curved and also present enveloping bigger minerals. Thus, visible 
porosity appears weakly, transversely anisotropic in this Opalinus Clay Shaly facies drill 
core.    
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4.4.5 Pore connectivity 
When attempting to link porosity to permeability, it is important to understand pore 
connectivity and the percolating network. From the MIP experiments we know that 
the measured connected porosity is ca. 13.3%. The characterization of porosity shows 
that the pore network in fossils, pyrite aggregates, and cracks are connected to the 
clay matrix down to the resolution of SEM (Figure 4.8). Pore throats in the clay matrix, 
which form the pathways in the pore network, are close to and below the resolution 
of the SEM (i.e. < 10 nm in width, Figure 4.8). This is in agreement with Keller et al. 
(2011), who found separated pore objects in their FIB-SEM data that are connected by 
pore throats smaller than 10 nm. Next to the pore connectivity the pore morphology is 
also important (Liang et al., 2000; Hilpert and Miller, 2001; Coasne and Pelleq, 2004), 
for instance the inner wall structure of the pores will influence fluid and/or gas flow 
rates through the clay.  
4.4.6 Pore model based on homogeneous, predictable porous islands 
Our microstructural observations show that both non-clay minerals and clay matrix 
form distinct regions with predictable pore characteristics (Table 4-3). These pore 
characteristics are similar for all individual mineral aggregates in all investigated BIB 
cross-sections along the one-meter drill core. These regions are considered 
‘elementary building blocks’, which form the overall fabric of the Opalinus Clay (Shaly 
facies) when combined. The Opalinus Clay, in a representative volume of at least 100 x 
100 x 100 µm3, can then be described as: (1) porous minerals and mineral aggregates 
connected to the clay matrix (fossils, framboidal pyrite, cracks), (2) non-porous regions 
(quartz, organics, mica, calcite, and organic matter) and (3) porous regions that are 
not connected to the clay matrix (siderite) all floating in (4) a clay matrix. 
From a microstructural point of view, the heterogeneous Shaly facies of Opalinus Clay 
can be envisioned as the combination and juxtaposition of homogeneous porous and 
non-porous regions. Regions with high and highly connected porosity are never 
directly interconnected but are connected via the low permeable clay matrix. 
Following this proposed model, one can calculate the connected extrapolated porosity 
for an Opalinus Clay (Shaly facies) sample when the mineral composition is known, for 
instance using the mineral composition of Figure 4.2 A (Table 4-4) extrapolated 
porosity based on the BIB-SEM data is between 8.8 and 17.4% in this REA. This is 
similar to porosities measured using conventional methods (porosity range of 8.0 – 
24% for the Shaly facies of Opalinus Clay; Bossart & Thury, 2008). 
In addition, the permeability in the Shaly facies of Opalinus Clay should be mainly 
controlled by the porosity and pore connectivity of the clay matrix. This is in 
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agreement with the proposed textural clay model created by Yven et al. (2007) and 
with the MIP data. The MIP data demonstrates that the mercury became trapped 
inside the sample, unable to overcome the pressure needed to exit the pores due to 
the highly heterogeneous geometry of the porous network also known as the ink-
bottle effect (Moro & Böhni, 2002). Mercury only intrudes these pores after the 
pressure is sufficiently high to force the mercury through a narrow pore neck, upon 
depressurization the wide pore body cannot be emptied leaving the mercury 
entrapped in the wider inner portion of the pore (Moro & Böhni, 2002). A similar 
model based on homogeneous and predictable porous regions has been applied to 
estimate the bulk porosity of a tight gas sandstone (Desbois et al., 2011a).  
 
Table 4-4: Data used to calculate the extrapolated porosity present in Figure 4.2 A (Sample BCS-2/5). 
4.5 Conclusions 
1. BIB milling in combination with SEM imaging of dried samples allows large 
(representative) area investigation of porosity, pore morphology and pore 
size distribution down to ca. 9 nm diameter at maximum magnification and 
the technique is complementary to FIB-SEM experiments. 
2. In 2D microcracks are present in all the cross-sections investigated, where 
freeze-drying, oven drying or air-drying in combination with BIB milling all 
show similar results. The origin of the cracks requires more work, they may 
be caused by either drying or stress relaxation. Mapping between the cracks 
shows undisturbed matrix porosity.  
3. For a statistical representative area within the Shaly facies of Opalinus Clay, 
the investigated area should be at least 100 x 100 µm2. 
4. The similarity of porosity inferred from direct microstructural observations 
and conventional mercury injection porosimetry, shows that data from this 
microstructural study can be up scaled to reproduce bulk porosity based on 
larger sample volumes.  
5. This contribution proposed a new model of porosity/permeability based on 
predictable porous regions defined by mineralogy and similar pore 
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characteristics. These regions combined form the heterogeneous fabric of the 
Shaly facies of Opalinus Clay. 
6. Pore types found in this contribution are in agreement with Desbois et al. 
(2009) and Heath et al (2011), suggesting that continental and marine 
mudstones can be described with the same pore concept based on 
predictable porous regions . 
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5 A comparative study of representative 
microstructures in Shaly and Sandy facies of 
Opalinus Clay (Mont Terri, Switzerland) inferred 
from BIB-SEM and MIP investigations 
(Submitted to Marine and Petroleum Geology February 2013; 
 M.E. Houben, G. Desbois, J.L. Urai) 
Abstract 
A combination of Broad-Ion-Beam (BIB) polishing and Scanning Electron Microscopy 
(SEM) has been used to study qualitatively and quantitatively the microstructure of 
Opalinus Clay. High quality 2D cross-sections (ca. 1mm2) belonging to the Shaly and 
Sandy facies of Opalinus Clay, were investigated down to the nanometer scale. In 
addition Mercury Intrusion Porosimetry (MIP) and X-Ray powder Diffraction 
experiments have been used to extend characterization of the microstructure to the 
mm-cm scale on bulk volume sample material. Interesting is that both end-member 
samples show qualitatively similar mineralogy and pore characteristics as well as 
comparable pore size distribution and pore morphology within the different mineral 
phases present. Variances among the facies are mainly due to differences in mineral size 
and mineral amount present in the alternating layers of the different facies. Six different 
porous mineral phases have been identified and the pores have been
A COMPARATIVE STUDY OF REPRESENTATIVE 
MICROSTRUCTURES IN SHALY AND SANDY 
FACIES OF OPALINUS CLAY (MONT TERRI, 
SWITZERLAND) INFERRED FROM BIB-SEM 
AND M P INVESTIGATIONS 
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subdivided into ten different pore types. Pores visible in the SEM images are most 
abundant in the clay matrix and seem to follow a power law distribution with a power 
law exponent of ca. 2.25 independent of the samples origin. Furthermore, all common 
mineral grains show characteristic porosity, pore shape and pore size distribution and 
are proposed to be considered as elementary building blocks for Opalinus Clay.  
Combined these homogeneous elementary building blocks form the heterogeneous 
fabric of the different facies of Opalinus Clay. Based on extrapolation of the power law 
size distribution in the clay matrix below SEM resolution results in a porosity of 10 - 25% 
for clay rich layers (60 - 90% of clay matrix), whereas sand and carbonate layers show an 
extrapolated porosity of 6 - 14 %. These extrapolated porosities are in agreement with 
water-loss and physical porosity measurements performed on comparable samples.   
Key words: Opalinus Clay, Shaly facies, Sandy facies, BIB milling, SEM-imaging, Pore 
morphology, Pore size distribution, Mercury porosimetry.  
5.1 Introduction 
Shale formations are known for their low permeability and excellent sealing properties 
(Bossart & Thury, 2007). This is why in the Mont Terri Rock Laboratory (Switzerland) 
the Opalinus Clay (a Mesozoic shale formation) is investigated thoroughly as a possible 
host rock for long-term geological disposal of radioactive waste (Bossart & Thury, 
2007). Opalinus Clay is a fine-grained sedimentary rock, which comprises a sequence 
of dark grey, calcareous, mica rich, silty mudstones with in between up to 20 cm beds 
of calcareous cemented fine-grained sandstone/siltstone lenses and laminae as well as 
sandy marls, biodetritic limestones, pyrite-, siderite- and chalk concretions and some 
ammonites (NAGRA, 2002).  
Characterization of Opalinus Clay, in a lab or in-situ at the Mont Terri rock laboratory, 
is related to the investigated scale. On the regional scale the lateral variability of facies 
and lithology is low (NAGRA, 2002), with three layered lithological facies (Pearson et 
al., 2003): (1) Shaly facies - a dark grey silty calcerous shale and argillaceous marl in 
the lower half of the sequence, (2) Sandy-Carbonate rich facies – a grey sandy and 
argillaceous limestone in the middle of the sequence which is almost absent in north-
eastern Switzerland (Nussbaum et al., 2011) and (3) Sandy facies – silty to sandy marls 
with sandstone lenses cemented with carbonate in the upper part. On the millimeter 
to decimeter scale, there is visible bedding due to sedimentation of the clay minerals, 
the bedding became more pronounced by burial and compaction (Wenk et al., 2008). 
The bedding causes anisotropy in the hydrological, transport related and rock 
mechanical properties of the rock (NAGRA, 2002; van Loon et al., 2004; Wenk et al., 
2008). Mineral clasts and biogenetic minerals are mainly present in the size range 
from 10 µm to 1 mm (NAGRA, 2002). Qualitatively the mineralogical composition of 
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Opalinus Clay is similar in the different facies present at the Mont Terri rock 
laboratory, common minerals encountered are: calcite, dolomite/ ankerite, siderite, 
quartz, albite/ plagioclase, K-feldspar, illite, illite/ smectite, chlorite, kaolinite, pyrite 
and organic carbon (Thury & Bossart, 1999).  
Due to the fine-grained nature of claystones direct investigation of microstructures 
below 1 µm is still challenging. Distribution of pores in claystones is up to now mainly 
illustrated as schematic diagrams/drawings (Yven et al., 2007; Ortega et al., 2009). 
These schematic pore models show that a percolating pore network exists in the clay 
matrix interconnected with minerals and bioclasts present as single grains or clusters 
in the clay matrix. Recent use of ion beam milling tools enables the production of 
smooth damage free surfaces even for fine-grained heterogeneous geological 
materials (e.g.: Holzer et al., 2007, 2010; Desbois et al., 2008, 2009, 2010a, 2010b, 
2011; de Winter et al., 2009; Loucks et al., 2009; Holzer and Cantoni, 2011; Heath et 
al., 2011; Keller et al., 2011; Schneider et al., 2011; Klaver et al., 2012), suitable for 
investigation of the microstructure below the µm scale. Typical Ga+ Focused Ion Beam 
(FIB) and Broad Ion Beam (BIB) polishing in combination with Scanning Electron 
Microscopy (SEM) allows imaging with resolutions that are at least two orders of 
magnitude higher than X-ray microtomography, where FIB-/BIB-SEM achieve pixel 
sizes down to a few nm’s and X-ray microtomography normally achieves pixel sizes of 
a few µm’s (Holzer & Cantoni, 2011). Ga+ FIB-SEM is mainly used to image 3D 
microstructures via serial cross-sectioning of volumes ca. 10x10x10 µm in size (e.g.: 
Holzer et al., 2006, 2010; Desbois et al., 2009; Curtis et al., 2010; Keller et al., 2011; 
Bera et al., 2012). The BIB-SEM method allows investigation of a polished area up to 1 
mm2 (Desbois et al., 2009; Loucks et al., 2009; Schneider et al., 2011; Klaver et al., 
2012; Houben et al., 2013), which is typically larger than the representative area (REA) 
for quantification of the mineralogy and porosity in claystones and other fine-grained 
materials. Limitation of both techniques is the maximum area/ volume of the polished 
sections, the number of sequential slices made and the resolution used to image the 
polished sections (Holzer & Cantoni, 2011). Moreover, investigation of one sample 
(typically < 1mm3) cannot be upscaled to reservoir size due to the small scale 
stratigraphic and lateral heterogeneity of shale strata (Chalmers et al., 2012; Houben 
et al., 2013). Using Ga+ FIB serial cross-sectioning Keller et al. (2011) investigated the 
microstructure of three Opalinus Clay Shaly facies samples, determining the spatial 
orientation of pore space, pore path orientation, pore path tortuosity and pore path 
length. Based on BIB-SEM images Houben et al. (2013) concluded that the 
microstructure of the Shaly facies of Opalinus can be modelled based on predictable 
homogeneous porous and non-porous regions with comparable pore characteristics.    
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In order to research differences and consistencies in the microstructure of the 
Opalinus Clay, in this contribution pore size distribution, pore shape and mineralogy 
are investigated for the two end-member facies of Opalinus Clay (Shaly and Sandy 
facies) using the BIB-SEM method, validated with optical thin-sections investigated 
with transmitted light, Mercury Intrusion Porosimetry (MIP) and X-Ray powder 
Diffraction (XRD) measurements were performed to upscale the BIB-SEM 
measurements.    
5.2 Material and Methods 
5.2.1 Geological setting and samples 
The underground Mont Terri Rock Laboratory is situated in galleries and niches beside 
the security gallery of a motorway tunnel (A16) in north-western Switzerland near the 
town of St-Ursanne, and is cross-cutting a ca. 240 meter section of Opalinus Clay 
which dips towards the south-east (Bossart & Thury, 2008). Rocks in the Jura 
mountains are of Triassic to early Cretaceous age and were deposited mostly in 
marine environments with generally uniform subsidence (Pearson et al., 2003), they 
comprise limestones, evaporitic rocks, and marls/shales. The Mont Terri tunnel is 
presently located ca. 300 meter below the surface (Thury & Bossart, 1999) and passes 
through all lithological facies of Opalinus Clay. The samples studied in this contribution 
originate from different boreholes along galleries and niches in the Rock Laboratory 
originating from both the Shaly and Sandy facies (Table 5-1). The cores were drilled 
with a tungsten carbide drill bit (diameters ranging from 10 cm to 30 cm for the Shaly 
facies samples and a diameter of 15 cm for the Sandy facies samples) cooled with 
dried air. Sandy facies samples (BWS-H) investigated originate from two different 
boreholes, both situated in the TT-niche (Mont Terri Rock Laboratory) and both are 
cored about 40 cm into the gallery wall. One Shaly facies sample (BCS-2) originates 
from gallery 98 (Mont Terri Rock Laboratory) about 2.70 meters into the wall. The 
second Shaly facies sample (BDR1) was drilled in the DR-niche (Mont Terri Rock 
Laboratory) at a distance of ca. 5.4 meter into the gallery wall. After drilling, the cores 
were stored immediately under vacuum in aluminum barrier foil to prevent them from 
dehydration. 
 
Table 5-1: Investigated BIB-polished cross-sections. 
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5.2.2 Optical thin sections    
Samples where unpacked from the aluminum barrier foil and dried at room 
temperature. Ultra-thin sections were produced (W. Tschudin, Geoprep, Basel, 
Switzerland; e.g.: Stipp et al., 2006; Milke et al., 2009) by impregnating the samples 
with epoxy, after hardening the samples were polished on both sides down to a 
thickness < 10 µm. The ultra-thin sections were investigated using a Zeiss Axioscope 
optical microscope under transmitted light using a magnification of 10 x (pixel size of 
0.7 µm), using both plain-polarized and cross-polarized light.   
5.2.3 SEM imaging of Broad-Ion-Beam milled surfaces 
5.2.3.1  Sample preparation 
The samples were unpacked from the aluminum barrier foil, where after they were cut 
dry into subsamples (1 x 0.5 x 0.5 cm) suitable for BIB polishing, using a 0.3 mm 
diamond saw at low speed (3 rev./sec.). Due to the heterogeneity of the Sandy facies 
visible at the mm-cm scale various subsamples are selected to be BIB polished based 
on mineralogical composition, where regions of interest are based on color and 
texture visible at the drill core scale and details visible in the optical thin sections 
(Figure 5.1 A-G). The Shaly facies is homogeneous on the mm-cm scale, subsamples 
are sampled from the middle of the drill core as far away from the drill-core wall as 
possible. In order to try to prevent samples from crack development during drying 
subsamples were slowly dried at room temperature in a closed 60 ml container with a 
small opening in the cover so that the relative humidity and the temperature in the 
container was the same as in the lab (respectively 35% and 22°C). In order to optimize 
the use of the BIB cross-section polisher, the dried samples are pre-polished dry using 
carbide paper (down to a grit size 1200). Pre-polishing of the samples causes the 
surface roughness to be reduced to ca. 20 µm, which results in a better broad-ion-
beam polished cross-section by minimizing the curtaining effect (Desbois et al., 2011; 
Klaver et al., 2012; Houben et al., 2013). The cross-section polisher removes ca. 100 
µm from the outermost edge of the sample and removes pre-polishing damage. Cross-
sections were cut perpendicular to the bedding using Ar-ion beam milling with the 
JEOL (SM 09010) cross-section polisher. The cross-section polisher (JEOL, SM 09010) 
produces damage-free polished surfaces up to ca. 1 mm2, in 6.5 hours (6 kV, 150 µA). 
In this contribution, 16 BIB polished cross-sections were produced, whereof nine in 
the Sandy facies and seven in the Shaly facies (Table 5-1).  
5.2.3.2 BIB-SEM imaging of microstructure 
Cross-sections produced with the BIB cross-section polisher were imaged using a 
Scanning Electron Microscope (SEM, ZEISS supra 55). This method allows direct 
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imaging of the clay fabric and porosity down to the nm scale on ca. 1 mm2 areas 
(Desbois et al., 2009, 2011; Loucks et al., 2009, 2012; Schneider et al., 2011; Klaver et 
al., 2012; Houben et al., 2013). Resolution of a SEM is defined as the minimum spacing 
at which two features can be recognized as separated objects (Goldstein et al., 2007). 
For this study that means that in the secondary electron (SE) micrographs objects 
smaller than 45 nm (3 pixels) wide could not be detected when an acceleration voltage 
of 5 kV and a magnification of maximal 20,000× was used. The Back Scattered Electron 
(BSE) detector was used at a magnification of 2,000× (equivalent pixel size is 147 nm) 
and an acceleration voltage of 20 kV to map mineral phase contrast; mineralogy was 
checked by Energy-dispersive X-ray spectroscopy (EDX) also using an acceleration 
voltage of 20 kV. Before imaging, the samples were sputter coated with gold 
(Goldstein et al., 2007).  
The REA for pores present in the cross-sections was defined by the point counting 
method (Kameda et al., 2006; Klaver et al., 2012; Houben et al., 2013) based on the 
mineralogy (BSE-image).A fine grid consisting of different square box sizes was placed 
over a BSE image. The smaller the box size the larger the fluctuation in measured 
porosity, mineralogy and pore size distribution (Kameda et al., 2006). In order to 
image the REA with sufficient resolution to detect pores, SE- micrographs were 
combined into one high resolution image (> 100 million pixels) using Kolor Autopano 
giga 2.0 software (Kolor, 2008; Houben et al., 2013). Imaging of the porosity was done 
using the SE-detector at a low acceleration voltage of 5kV and a working distance of 6-
8 mm. Magnifications used are between 10,000× and 50,000×.   
5.2.3.3 SEM image processing 
The only visible topography after using the BIB cross-section polisher is the pores 
forming openings in the polished surface. Visible porosity in the micrographs is 
segmented using a MATLAB routine (2010b, The MathWorks, 2010) based on a 
combination of thresholding and edge detection (Gonzalez et al., 2009; Houben et al., 
2013). Thresholding (Gonzalez et al., 2009) was based on the image histogram. SEM 
image background shows a normal grey scale distribution around one value which 
depends on the settings in the microscope and the threshold should be set just below 
this (Houben et al., 2013). Performing edge detection on the thresholded pictures 
provided a better representation of the pores in the original SEM image. The 
segmented images are loaded into ARCMAP 10 (ESRI, 2008) together with the original 
SEM image so that the segmented image could be compared to the original image and 
manually corrected when necessary. Minerals are segmented manually, based on their 
characteristic grey values in the BSE images using ARCMAP 10 software (ESRI, 2008). 
Mineral compositions encountered were measured with EDX point measurements and 
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EDX maps to assign a mineral name to each BSE grey-value. After segmentation of the 
minerals all pores are classified per mineral phase they are occurring in. 
5.2.4 Bulk chemical analysis by X-ray powder diffraction 
To characterize the mineral content, X-ray powder diffraction (XRD) analysis were 
performed on three samples of the Sandy and one sample of the Shaly facies. The 
samples were unpacked from the aluminum barrier foil, where after they were dried 
using the same method as was performed on the BIB-SEM samples. For the Sandy 
facies three different samples were selected based on different color and texture 
visible in the drill core (Figure 5.1 A), a clay-rich, a quartz-rich and a calcite-rich 
sample. The Shaly facies drill core does not show mineralogical differences at the drill 
core scale (Figure 5.1 B), hence XRD-measurements were performed on one randomly 
chosen sample. Twenty grams of sample material was first turned into powder, where 
after the mineral content was measured using the Bruker D5000 at the Geological 
Institute of the RWTH Aachen University (GIA). For mineral quantification Rietveld 
analysis (TOPAS) has been performed (Kahle et al., 2002). 
5.2.5 Mercury intrusion porosimetry 
To characterize the porosity and pore size distribution on bulk sample material 
mercury intrusion porosimetry (MIP) has been executed (Abell et al., 1998; Galle, 
2001; Hildenbrand & Urai, 2003; Klaver et al., 2012; Houben et al., 2013), where 
mercury acts as a non-wetting liquid and intrudes progressively smaller pores with 
increasing pressure. Assuming that the porous network can be represented by a 
bundle of non-intersecting tubes (Howard, 1991) a pore size distribution curve can be 
obtained from the intruded volume of mercury at each pressure step. Pressure 
differences can be converted to pore throat diameters using the Washburn equation 
(Washburn, 1921).  
Opalinus Clay samples were first dried at 60°C, where after the samples were placed in 
a sample cup filled with mercury in a pressure vessel. The pressure was stepwise 
increased up to 4.13·108 Pa, which corresponds to a pore diameter of 3 nm. To check 
whether the mercury penetrated the sample, samples are weighted before and after 
the MIP experiments. The pore throat (Sth) size distribution has been extracted from 
the MIP data by using the Washburn equation to calculate the pore throat diameters 
which are then turned into disk shaped areas and the matching infiltrated mercury 
volumes are converted to number of pores (Ni).     
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Figure 5.1: A. Cross-section of the BWS-H drill core, Sandy facies Opalinus clay. In the drill core one can 
distinguish four sub-areas, a dark fine-grained clay layer, a light colored coarse grained sand layer, a 
pinkish/yellowish coarse grained carbonate lens and a mixture of clay, sand and carbonate. B. Cross-section 
of the BCS-2 drill core, Shaly facies Opalinus clay. On the drill core scale there are no visible heterogeneities. 
C. Thin section of the Sandy facies showing alternating clay rich and quartz rich layers. D. Thin section of the 
Shaly facies showing some bigger minerals (as calcite, quartz and pyrite) floating in the clay matrix. E. Clay 
layer present in the Sandy facies (thin section). F. Sand facies sand layer (thin section). G. Shaly facies clay 
layer (thin section) wherein quartz, calcite, pyrite and fossils are visible. H. BSE image of a BIB polished cross-
section of a clay layer in the Sandy facies. I. BSE image of a BIB polished cross-section of a sand layer in the 
Sandy facies. J. BSE image of a BIB polished cross-section of the Shaly facies showing a similar calcite fossil as 
in the thin section (bottom right). K. SE-image of the clay matrix in the clay layer of the Sandy facies. L. Clay 
present in the Sand layer of the Sandy facies. M. Clay matrix of the shaly facies. 
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5.3 Results 
5.3.1  Mineralogy and mineral fabric of Opalinus Clay 
Differences in mineral fabric on the mm-cm scale are illustrated in Figure 5.1 A-G, the 
figure shows a Shaly and a Sandy facies drill core and the corresponding thin sections. 
Figure 5.1 A-G illustrates the mm-cm scale heterogeneity of the Sandy facies, whereas 
the Shaly facies is homogeneous at this scale. The mineralogy of the Sandy facies drill-
core on the mm-cm scale is mainly based on color and grain size, where a white 
coarse-grained layer corresponds to a quartz rich layer, the light yellow/pinkish coarse 
grained lenses correspond to carbonate rich lenses and the black areas are fine 
grained clay rich regions (Figure 5.1 A). This is supported by the thin sections, where 
the thin sections are imaged using cross-polarized light (XPL) (Figure 5.1 C-G). Minerals 
like quartz (Light gray to black mineral grains), calcite (High order colored mineral 
grains) and pyrite (Black round grains) in the different layers of Sandy facies can be 
identified. In the Shaly facies thin section (µm-mm scale, Figure 5.1 D, G), larger calcite 
fossils (bivalve, Bossart & Thury, 2008), calcite grains, quartz grains and pyrite grains 
can be differentiated from the clay matrix. 
The overall grain size of the mineral grains present in the SEM mosaics in the 
Carbonate lens, Sand layer and ‘Clay + Sand’ layer is larger (average grain size of 250 
µm2; Figure 5.2 A, B) than the grain size of the minerals present in the Clay-rich layers 
(average grain size of 50 µm2; Figure 5.2 C, D). The microfabric of the different 
lithological facies vary due to different percentage of certain mineral grains and grain 
size present. Figure 5.2 shows that the mineral grains are all ‘floating’ within a clay 
matrix, where the grain size is less than 2 µm. However, the microfabric of all the clay 
layers (Sandy and Shaly facies) appears similar (Figure 5.2 D–F). The XRD 
measurements confirm that the quartz content is higher in the clay layer of the Sandy 
facies, whereas the calcite content is higher in Shaly facies.  
Mineral compositions detected with the BIB polished cross-sections of the Opalinus 
clay facies are qualitatively similar (Figure 5.1 H–M, Figure 5.2). The claystone mainly 
comprises: quartz, calcite, siderite, mica, pyrite and a clay matrix. Furthermore, some 
feldspar and organic matter was encountered in the BIB polished cross-sections as 
well as insignificant amounts of minerals like apatite and zircon. Quantitatively, on the 
other hand, the percentage of a certain mineral per SEM mosaic differs; the 
mineralogy of the different polished cross-sections is summarized in Table 5-2. XRD 
measurements aimed to measure the mineralogy in a sand, clay and carbonate layer 
in the Sandy facies and a clay layer in the Shaly facies show comparable mineralogical 
differences (Table 5-3). Results presented in Table 5-2 and Table 5-3 show that clay 
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layers, Sandy and Shaly facies, appear to have ca. 56-57% of clay minerals and a clay 
matrix in the SEM making up between 65 and 85 % of the sample. The sand layer 
(Sandy facies) only features 14.4% of clay minerals and 32% of the SEM images is 
classified as clay matrix and results for the carbonate layer show 8.4% of clay minerals 
and 34% of clay matrix in the SEM images. The investigated samples from the Sand 
layer (Sandy facies) furthermore show a quartz content of around 50% of the sample 
for both XRD and BIB-SEM measurements and in the carbonate layer the calcite 
content is > 60% of the sample (XRD and BIB-SEM measurements).   
 
Table 5-2:  Mineral content of the Shaly and Sandy facies per sub-facies in the segmented SEM micrographs.  
Mineralogy is based on EDX measurements and Back-Scattered-Electron images.    
 
Table 5-3: Mineralogy per sub-facies from X-Ray powder Diffraction measurements. 
5.3.2 Representative elementary area 
The box counting method (Kameda et al., 2006; Klaver et al., 2012; Houben et al., 
2013) was used to determine the representative elementary area (REA; Figure 5.3) 
based on the mineralogical content of the different cross-sections. Assuming that the 
porosity in Opalinus Clay is linked to the mineralogy and mineral distribution one can 
use the same REA for porosity. The mineral phases taken into account for the box 
counting method are: pyrite, mica, siderite, calcite, quartz, feldspar, fossil shell and 
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clay matrix. The REA’s of all the cross-sections show that it depends on the facies what 
the extent of the area to investigate should be. As soon as the investigated area 
exceeds 250 x 250 µm it is large enough to call it representative in all different facies 
investigated. REA for the clay-rich polished cross-sections is 135 x 135 µm, for the 
quartz-rich areas this is 250 x 250 µm on average and for the carbonate-rich cross-
sections the REA is 210 x 210 µm on average. For a mixture of clay, quartz and 
carbonates the REA is on average 245 x 245 µm. These results do not depend on the 
chosen starting point for the box counting method. A BIB-polished cross-section is in 
the order of 1 mm2, meaning that the area is large enough to be representative in all 
samples investigated. The minimum area investigated is 250 x 250 µm for the Sandy 
facies samples imaged at a magnification of 10,000× (Figure 5.3) and 180 x 180 µm for 
the Shaly facies samples imaged at a magnification of 20,000×. A lower magnification 
of 10,000× was used to image the REA of the Sandy facies due to the fact that 
otherwise > 700 single images had to be made to enable that one mosaic covered the 
REA (realistic limit is around 500 images; Houben et al., 2013). 
5.3.3 Minerals featuring characteristic porosity 
Visible porosity in the SEM mosaics (pixel size between 15 – 30 nm) in all studied 
polished cross-sections ranges from 0.7% to 3.1% (Table 5-1). Majority of the over 
700,000 pores segmented are present in the clay matrix. Next to pores is the clay 
matrix six mineral grains are identified that all also display characteristic porosity 
(Table 5-3, Figure 5.4). Based on characteristic pore morphologies visible in SEM 
images Desbois et al. (2009) and Heath et al. (2011) classified 7 different pore types, 
which are either intergranular pores or intragranular pores (Loucks et al., 2012). 
Intergranular pores present in the clay matrix (Pore Types I – III, Desbois et al., 2009) 
account for 50% or more of the visible porosity in all investigated samples (Table 5-2, 
Figure 5.4 H), independent of the layer or facies investigated. Average equivalent pore 
radius (req) for the pores present in the clay matrix is 52 nm. Although the pores in the 
clay matrix are most abundant, the average visible porosity in the clay matrix of the 
clay-rich layers is about 1% and 2.5 – 9 % in the clay matrix of the sand and carbonate 
layers/ lenses (Table 5-2). Micro cracks (intergranular, req = 88 nm) are encountered in 
almost all polished cross-sections (Type V, Heath et al., 2011; Figure 5.4 G). They have 
a high aspect ratio, rough pore edges and sharp crack tips at both ends. Microcracks 
contribute 12-28% to the visible porosity in both facies with the exception of the 
carbonate and sand-rich layers, where only 0 - 2.5% of the pores are characterized as 
cracks (Table 5-2). 
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Figure 5.2: BSE micrographs of the Shaly and Sandy facies of Opalinus clay, illustrating the differences in 
microstructure in the different layers per facies. A. Sand layer of the Sandy facies drill core, where the image 
is mainly made up of quartz grains and some calcite, siderite and feldspar minerals, with the clay matrix 
present in between the minerals. B. A sand and clay mixture from the Sandy facies, where the grain size of 
the calcite and quartz minerals is similar as found in the sand layer, but ca. 50% of the segmented image 
consists of clay matrix. C. Sandy facies carbonate lens, mainly consists of calcite with a few siderite and 
quartz grains and the clay matrix in between the mineral grains. D. Clay layer as present in the Sandy facies, 
where more than 75% of the micrograph exists of the clay matrix with some quartz, calcite, siderite, pyrite 
and mica minerals ‘floating’ in the clay matrix. E. Shaly facies BDR drill core showing that quartz, calcite, 
siderite, pyrite and mica grains are surrounded by the clay matrix. F. Image of the BCS drill-core (Shaly 
facies), where quartz, calcite, siderite, pyrite and mica minerals and fossils ‘float’ within the clay matrix.  
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Figure 5.3: A. Showing a SEM-image (BWS-H5, clay layer) with the grid used for the box counting method, 
where the REA is indicated with the red solid box. B. Figure showing the mineralogy per box. When the box 
size is increased after box 18 the mineralogy does not change significantly anymore, hence box 18 is the REA. 
Intergranular pores in framboidal pyrite (req = 66 nm, Figure 5.4 B) are present, where 
the single non-porous, polygonal pyrite grains are loosely packed forming a framboidal 
pyrite grain (Pore Type VII, Heath et al., 2011). Due to uneven packing of the irregular 
grains pyrite aggregate porosity varies between 1.5 – 15 % (Table 5-2). Pores in mica 
are mainly present in between mica lamellae, making these pores very elongated with 
smooth pore walls, regularly triangular (req = 59 nm, Figure 5.4 E). The pores are 
mostly situated were the lamellae are bent (also observed by White and Johnston, 
1981), the porosity within mica grains ranges from 0.4 to 1.8% (Table 5-2). Pores in 
quartz (Figure 5.4 A) are disk shaped intragranular pores present within single crystals. 
Quartz minerals have a visible porosity << 1% (req = 52 nm, Table 5-2). Calcite pores are 
intragranular (req = 52 nm, Figure 5.4 C), circular to elongated and the minerals show 
on average a porosity of about 0.2% (Table 5-2). Siderite minerals exhibit a 
characteristic intragranular porosity of 5 - 18% (req = 62 nm, Table 5-2), the pores are 
elongated to roughly circular with jagged edges and lobate features on the inner pore 
wall (Figure 5.4 D). In the Shaly facies fragments of calcareous half-moon shaped 
fossils (req = 63 nm; Schizospaerella, Pittet & Mattiolo, 2001; Mattiolo & Pittet, 2002) 
with a distinct porosity are present (Figure 5.4 F). The pores have a rugged shape 
where they intersect with the polished cross-section and smooth pore walls. The 
fossils display a porosity in the range of 7-15 % (Table 5-2). 
5.3.4 Pore shape factors 
Pore shape can be described by a number of different mathematical shape factors 
(Connell et al., 1999). For all pores segmented the inverse of the Axial ratio [W/L] and 
squared circularity [4πA/P2] were calculated, where; W = Pore width, L = Pore length, 
A = Pore area, P = Pore perimeter. Axial ratio and squared circularity are chosen to 
describe pore shape because of the fact that the axial ratio describes pore elongation 
whereas circularity is a measure of compactness of a shape incorporating surface 
roughness.  
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Figure 5.4: Typical minerals and their pores found in the Opalinus clay. A. A quartz grain with intragranular 
circular pores. B. Framboidal pyrite with intergranular pores, where shape and size is depending on the pyrite 
grain packing. C. Calcite grain with intragranular porosity. D. Siderite mineral with characteristic toothed 
edges pores with lobate features on the inner pore wall. E. Mica with very elongated mainly triangular pores 
in between lamellae. F. Half-moon shaped fossil with rugged shaped pores that exhibit smooth pore walls. G. 
A crack, mainly present in the clay matrix. The cracks are very elongated, show rough edges and sharp thin 
tips at both ends. H. Pore in the clay matrix can be subdivided into three pore types (i) elongated pores 
between similar oriented clay sheets, (ii) crescent shaped pores in saddle reefs of folded sheets of clay and 
(iii) large jagged pores surrounding mineral grains.  
To verify the dependency of the shape factors on the magnification ca. 30 pores were 
traced manually in pictures taken at a magnification of 10,000×, 20,000×, 25,000×, 
30,000× and 50,000× (Figure 5.5). Table 5-5 summarizes the dependency of the 
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magnification on the pore area, perimeter, length and width, where the magnification 
of 10,000× is used as a reference (for perimeter of magnification X e.g.: PX/P10000). The 
table shows that there is no critical difference (based on the standard error) regarding 
the dependency of perimeter, area, length and width on the magnification used in this 
calibration. On average the pore shape/ area does not change significantly using any 
magnification between 10,000× and 50,000×. Results on the pore shape per mineral/ 
mineral aggregate are plotted in Figure 5.7. The data density points (the darker the 
color the more data points are represented) of this bivariate histogram are plotted in 
2D using 20 x 20 bins. The pore shape calculations are based on more than 700,000 
segmented pores (most of them present in the clay matrix) and shows W/L ratio 
versus the circularity for all segmented pores per facies and per mineral/ mineral 
aggregate. Cracks and mica have clearly a more elongated shape than pores 
associated with other minerals/ mineral aggregates. Pores in the clay matrix show the 
largest range from elongated to rounded pores, whereas disk shaped pores are most 
abundant in calcite, quartz and siderite minerals and pyrite mineral aggregates.   
 
Figure 5.5: Pore a. - e. are pictures of the same pore imaged at different magnifications, left to right 
magnifications used are; 10000, 20000, 25000, 30000 and 50000. This pore has been traced on the different 
images generating information on the dependency of the pore area, perimeter, length and width on the 
magnification. 
 
Table 5-5: The table summarizes the total visible porosity per layer of the different SEM mosaics, and the 
contribution to the porosity for the differentiated minerals and mineral aggregates. Furthermore, 2D 
porosity per segmented mineral/ mineral aggregate is also specified. 
5.3.5 Clay matrix porosity  
Seven BIB polished cross-sections of the Shaly facies and nine BIB-polished cross-
sections are studied that originated from two drill cores of the Sandy facies were 
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investigated (Table 5-1). Smallest pores visible are present in the clay matrix and in 
terms of frequency the pores in the clay matrix are most abundant in number 
accounting in all mosaics for ca. 50 – 90 % of the visible porosity (Table 5-2). Clay rich 
layers in both the Sandy and Shaly facies show a pronounced pore orientation along 
the bedding (Figure 5.6 A, B). This preferred orientation along the bedding is poor for 
the pores in the clay matrix of sand layers and orientation of pores in the clay matrix 
of the carbonate lens is random (Figure 5.6 C, D).  
 
Figure 5.6: Pore orientation 
in the clay matrix in 
different layers of the Sandy 
(Saf) and Shaly (Shf) facies. 
A. Sandy facies clay matrix 
shows a pronounced pore 
orientation along the 
bedding. B. Clay matrix of 
the Shaly facies showing a 
distinct pore orientation 
along the bedding. C. Pores 
in the clay matrix of the 
carbonate lens showing a 
random pore orientation. D. 
Pores in the clay matrix in a 
sand layer in the Sandy 
facies. The pore orientation 
makes an angle to the 
bedding. 
 
 
Pore size distribution of pores within the clay matrix follow a power law distribution, 
and for different mosaics the pore size distributions can be compared when the pore 
size distribution is normalized to the investigated area, expressed as (Klaver et al., 
2012; Houben et al., 2013): 
Log [Ni/(bi.Smosaic)] = −D.Log [Si]+ Log [C*]  (equation 5.1) 
where Ni is the frequency of the pores with a characteristic surface smaller than Si 
within the bin-size bi (b1 = 1 and bi = 2 . bi-1), Smosaic is the area of the mosaic, D is the 
power law exponent and C* is a constant of proportionality.
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At the low end of the pore size distribution the data is restricted by the magnification 
used (Smin), pore areas smaller than 15 pixels could not be consistently and accurately 
detected and therefore these are not included in the size distribution results. At the 
high end of the pore sizes (Smax) the data is limited by the fact that the investigated 
area is not infinite and/or bigger pores are not present in this rock, meaning that the 
power law distribution of the pore size is only valid in a certain range defined by Smin 
and Smax (Houben et al., 2013; Figure 5.8). The power law exponent and constant of 
proportionality are inferred from the best power-law fit to the data between Smin and 
Smax, where the outermost liner fits through the data are used as a measure of 
uncertainty for the best fit (Klaver et al., 2012).    
In Figure 5.8 the normalized pore size distribution of the pores present in the clay 
matrix in all mosaics is plotted. The pores in the clay matrix follow a power law 
distribution with a power law exponent between 2.6 < D < 2.1, with an average power 
law distribution for pore areas of D = 2.25 ± 0.079 (Figure 5.8) for pore areas between 
104 and 108 nm2. The log C* is -1.06 ± 0.433 for the same range of pore areas on 
average.  
 
Figure 5.8: Pore size distribution of the pores in the clay matrix. In this graph pore areas are plotted versus 
no. of pores below a certain size i, which is than normalize by the area of the mosaic and the bin size. The 
graph show that the pores in the clay matrix in all the mosaics (10
4
 nm
2
 < Si < 10
8
 nm
2
) show a similar power 
law pore size distribution with a mean power law dimension of -2.25 ± 0.079 and a constant of 
proportionality of -1.06 ± 0.433. 
5.3.6 Mercury intrusion porosimetry 
Sandy facies samples of a carbonate lens, clay layer and sand layer and two Shaly 
facies samples were intruded with mercury (Table 5-6). The connected MIP porosity 
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measured is between 9% in the carbonate lens of the Sandy facies and 13% a clay 
layer of the Shaly facies (Table 5-6, Figure 5.9A, B), where the highest pressure step 
used measured pore throat diameters down to 3 nm. MIP data shows that most 
abundant pores have a pore throat diameter smaller than 200 nm in all the 
investigated samples (Figure 5.9C), where clay layers show more abundant pores with 
smaller pore throats (average < 20 nm  in diameter) than the carbonate lens and the 
sand layer (average 50-100 nm in diameter). Samples were weighted before and after 
the experiment (Table 5-6); a weight gain was measured in four out of five samples 
and one sample showed a weight loss. Extrusion measurements and weight gain of the 
sample show comparable results for the Shaly facies samples investigated (Table 5-6), 
inferring that the mercury infiltrated the samples during these experiments. On the 
other hand according to the extrusion measurements there should still be 53 - 59% of 
mercury in all the Sandy facies samples, but after weighing only 9% of Hg was present 
in the sand layer and 34% of Hg was present in the clay layer, where the carbonate 
lens even lost weight. 
The difference between intruded and extruded mercury can be converted to pore-
body to pore-throat ratios (Table 5-6; Webb, 2001). The pore-body to pore-throat 
ratios are: 1:41, 1:30 and 1:33 for the clay layers, 1:22 for the sand layer and 1:09 for 
the carbonate lens. Pore throat areas (Sth) follow a power law size distribution (10 – 
106 nm2) with a (best fit)  power law exponent of 2.25 ± 0.059 and a log C* of -1.01 ± 
0.205 (Figure 5.9D), where again the outermost power law fits through the data are 
used as a measure of uncertainty for the best fit. 
5.4 Discussion 
5.4.1 Microstructure of Opalinus Clay  
In all layers investigated of both the Shaly and Sandy facies, the same abundant 
mineral phases are present in the BIB-SEM micrographs: quartz, calcite, mica, pyrite, 
siderite, feldspar and a clay matrix. Difference in quantity of a certain mineral phase 
defines different sedimentary layers within the different facies. The mineral content 
measured in the BIB-SEM mosaics (Table 5-2) differs from the mineral content 
measured using XRD measurements (Table 5-3). Minerals smaller than 2 µm in size are 
not segmented and hence part of the clay matrix in the BIB-SEM measurements 
(Guggenheim & Martin, 1995), in the XRD these minerals will be classified as the 
specific mineral. This accounts for a systematically higher quartz and calcite content in 
the XRD measurements than the quartz and calcite content derived from the BIB-SEM 
data.  
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Table 5-6: Table summarizing the MIP data for the five different samples investigated.  
Pores in the clay matrix are most abundant, more than 700,000 pores were 
segmented in all mosaics and about 90% of these are located in the clay matrix. Pore 
morphology of pores present in the different minerals and mineral aggregates is 
shown qualitatively in Figure 5.4. Figure 5.7 illustrates the quantitative pore shape, 
pores in different minerals show different circularity and axial ratios. Especially pores 
in mica’s and cracks could be easily differentiated based on pore shape. Pores in the 
different minerals show qualitatively as well as quantitatively similar shapes within the 
Shaly and Sandy facies.  
Pore shape is thought to reflect the rocks formation history (burial, diagenesis, etc.), 
where pores in the clay matrix are most likely a result of the rocks burial and 
compaction history (Heath et al., 2011; Loucks et al., 2012). Formation of the cracks 
present in the clay matrix is more obscure, but due to their high aspect ratio, 
orientation along the bedding, rough pore edges and sharp crack tips cracks are 
interpreted as not being part of the in-situ microstructure. Cracks can originate from 
either drying of the samples (Soe et al., 2009), drilling and stress relaxation (Corkum & 
Martin, 2007; Klinkenberg et al., 2009) or a combination of both. Different drying 
techniques performed on Shaly facies samples did not show noticeable differences to 
the microstructure (Houben et al., 2013), hence more research is needed to 
investigate the origin of the cracks.  Mica pores are caused by interlayer delamination 
where the interlayer bond is weak due to stacking mistakes (Viti, 2011). The pores in 
framboidal pyrites are due to uneven packing of the single pyrite grains, leaving 
unregularly shaped pore space in between grains. Distinct pores in the fossils are part 
of the shell (Pittet & Mattiolo, 2001; Mattiolo & Pittet, 2002) and could be slightly 
altered by the burial and compaction history of the rock. Intragranular pores in quartz, 
calcite and siderite can have formed due to the presence of impurities incorporated 
into the crystal lattice or defects like; screw dislocations, edge dislocations and 
subgrain boundaries (Audetat & Gunther, 1999; Fernandez-Diaz et al., 1996). 
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In addition, temperature and pressure changes can cause high enough stresses to 
generate intragranular pores due to recrystallization and/ or crystal growth (e.g.: 
Mancktelow et al., 1998; Schmatz & Urai, 2011). Processes like formation of fluid 
inclusions, chemical alteration of minerals and partial dissolution of minerals can 
cause formation of intergranular pores. 
5.4.2 Mercury Intrusion Porosimetry measurements 
Although all samples show a lower weight gain after the MIP experiments than 
expected by the MIP extrusion curves it is clear that the mercury infiltrated both Shaly 
facies samples (see also Houben et al., 2013) and the clay layer of the Sandy facies. 
The measured weight of the sand and carbonate samples (Sandy facies) after MIP 
measurements tells us that (almost) all the mercury left these samples, while the 
extrusion curves show that ca. 50% of the mercury stayed behind in the samples. This 
discrepancy implies that for these particular samples it is not clear whether the 
samples were infiltrated with mercury at all and this extruded the sample after the 
measurement, or a piece of sample material broke off resulting in a lower weight after 
the MIP measurements, or that the sample was never infiltrated with mercury and 
was only mechanically compacted (see also Hildenbrand & Urai, 2003). Not finding 
evidence for mercury infiltrating the samples makes interpretation of the MIP data 
ambiguous. The measured porosity within these two samples could be interpreted as 
being mechanical compaction, whereof resp. 5.22 and 5.13% was irreversible 
compaction due to for instance pore collapse, resulting in an upper value for porosity 
measured with MIP in these two layers. The rest of the measured ‘porosity’ can then 
be interpreted as elastic compaction. In addition, pore throat size distributions 
inferred from MIP measurements do show a similar size distribution as the pore body 
size distributions inferred from BIB-SEM, but for the carbonate and sand layer using 
the Washburn equation to convert pressures to throat sizes is not a valid method since 
it is unclear whether the mercury actually penetrated the samples. Recalculating the 
throat size distributions for only the samples that were surely intruded with mercury 
(shale layers) results in a power law distribution exponent of 2.22 ± 0.053 and log C* = 
-0.85 ± 0.236. Porosity values inferred from MIP measurements are: 12.3% clay layer 
Shaly facies, 9.9% clay layer Sandy facies, 5.2% carbonate layer Sandy facies and 5.1% 
sand layer Sandy facies. 
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5.4.3 Effect of the minerals on the microstructure of Opalinus Clay 
The size and shape of particles reflects the formation history of the rock, e.g. 
sedimentation, burial and chemical processes (Cho et al., 2006). Packing density of 
clay condenses porosity and mineralogy information about the Opalinus Clay into one 
parameter and can be calculated when the total area is partitioned in three 
categories, porosity, clay volume fraction and non-clay volume fraction that sum to 
one (Bobko & Ulm, 2008). The clay packing density η is than calculated by (Bobko & 
Ulm, 2008) 
η = 1 – φ / [1 - finc]    (equation 5.2) 
where φ is the porosity and finc is the non-clay volume fraction. The clay packing 
density depends on the used method for calculation of porosity and mineral volume 
fraction (Bobko & Ulm, 2008). In the work presented here, the clay packing density 
can be calculated by combining the XRD and MIP data or from the BIB-SEM data. The 
clay packing density calculated for the XRD, MIP data is higher in the clay layers in 
both the Shaly and Sandy facies (respectively 0.78 and 0.82) as in the sand layer (0.63) 
and carbonate lens (0.33).  Using the same approach for the 2D BIB-SEM data set gives 
a comparable result; clay-packing densities in 2D for clay layers of the samples BWS, 
BDR and BCS2 are higher (0.98) than for the sand layer (0.88) or the carbonate lens 
(0.91). One has to bear in mind that both the porosity values and mineral amounts as 
calculated from the BIB-SEM method are different than these from the XRD/ MIP data, 
hence explaining the different values calculated for the clay packing densities for the 
two methods, but they both follow a comparable trend. The trend shows that the 
packing density is higher for clay-rich layers. The difference in clay packing density in 
the different layers is also reflected by the visible porosity observed in the clay matrix, 
this is between 0.5 and 1.4% for the clay layers and 5.3 and 9.0% for respectively the 
sand layer and carbonate lens (Table 4). Furthermore, average pore size increases with 
higher mineral content: in the sand layer and carbonate lens (Sandy facies) the 
average equivalent pore radius is respectively 74 and 71 nm, whereas in the clay layer 
of the Sandy facies the average equivalent pore radius is 58 nm. 
In all the investigated mosaics mineral grains are embedded within the clay matrix, 
indicating that in both the Shaly and Sandy facies the microstructure is matrix 
supported. Although the pore size distribution in the clay matrix shows a comparable 
power-law area-size distribution in all investigated samples, the porosity (in %) in the 
clay matrix differs. A higher value for the clay packing density implies a lower visible 
porosity in the clay matrix. Pores in the clay matrix are also more randomly orientated 
with increasing quartz and calcite content (Figure 5.6). Furthermore, clay matrix 
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porosity (Table 5-2) and average pore size increases with increasing quartz and calcite 
minerals , which is interpreted to reflect  a less intense mechanical compaction in the 
latter two (Figure 5.10), where an increasing grain size (related to the increasing 
amount of rigid phases, i.e. non-clay minerals) may prevent the clay matrix from 
compaction.  
 
Figure 5.10: Different microstructures encountered in the Opalinus Clay, from left to right; a quartz rich layer 
in the Sandy facies, a clay and quartz mixture in the Sandy facies and a clay rich layer in the Shaly facies. The 
figure illustrates the difference in clay matrix, clay packing density, mineral content, average mineral grain 
size and clay matrix porosity in these two layers.CM – Clay matrix, Qtz – Quartz, Ca – Calcite, Fo – Fossil, Sid 
– Siderite, Mica, Fsp – Feldspar, Py – Pyrite, OM – Organic Matter, Cr – Cracks. 
5.4.4 Porosity of Opalinus Clay 
Dimensions of the BIB-SEM mosaics investigated and corresponding number of visible 
pores (> 680,000 in all mosaics) are extensive enough to contain statistical significant 
information to be representative for the investigated polished cross-sections. 
Conversion of 2D data (BIB-SEM) to the 3rd dimension (MIP) is not straightforward 
especially not when the 2D pores are not disk-shaped (Higgins, 2000), but by using the 
basic principles of stereology being in a representative area gives a good estimate of 
the 3D bulk porosity (Underwood, 1970).  
The BIB-SEM data shows a power-law distribution for pore area-sizes in the clay matrix 
between 104 and 108 nm2 with a power-law exponent D = 2.25 ± 0.079, this value is 
comparable to the pore area distribution power-law exponent D = 2.44 ± 0.157 as 
described in Houben et al. (2013). Assuming we can use the Washburn equation to 
convert pressures to pore throats, the visible porosity in the BIB-SEM mosaics is 
similar to that measured with MIP at the resolution of the BIB-SEM method (Figure 
5.11 A and B). This confirms that the 2D data inferred from the BIB-SEM images is 
representative for the bulk porosity. In addition, the similar values for the power-law 
exponents for throat (MIP) and area (BIB-SEM) size distributions suggests the presence 
of a connected tube-like pore network in the clay matrix of Opalinus Clay, which is not 
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in accordance with the pore body to pore throat ratios calculated from the MIP data 
or the fact that according to the MIP measurements more than 50% of the mercury 
stayed inside the samples after the experiments. 
Porosity measured with MIP (ca. 5 - 12%; Table 5-6, Fiugre 5.9) is higher than the 
visible porosity in the BIB-SEM mosaics (0.7 – 3.1%; Table 5-2). Differences in the 
porosity values are mainly due to differences in resolution between the two methods: 
MIP measures the connected porosity down to a pore throat size of 3 nm, whereas 
BIB-SEM measures the visible porosity down to a certain pixel size depending on the 
SEM magnification used (30 nm at a magnification 10,000× and 15 nm at a 
magnification of 20,000×; Klaver et al., 2012; Houben et al., 2013). In addition, water-
loss porosity and physical porosity (samples dried at a temperature of 105˚C) 
measured on different but comparable samples of the same Sandy facies drill cores by 
Peters et al. (2011) show porosities of respectively 17.2% and 17.7% (clay layer), 6.2% 
and 6.1% (bioclastic limestone) and 10.0% and 9.9% (sandy clays) (Figure 5.11). Water-
loss porosity and physical porosity measured for the Shaly facies are respectively: 12.6 
– 21.1% and 14.0 – 24.7% (Bossart & Thury, 2008; Figure 5.11). 
Differences in MIP and water-loss or physical porosities, observed for clay layers of the 
Sandy and Shaly facies, can be explained first by the fact that MIP measures only 
porosity that is connected to the samples outside down to a pore throat diameter of 3 
nm, whereas it is assumed that water-loss and physical porosity methods measure the 
porosity down to a pore throat diameter < 3 nm. Corresponding pore throats for 
water-loss and physical porosity depend on the temperature used for sample drying 
(105˚C), an exact corresponding pore throat value is not known, but it is assumed to 
be in the range of 1-3 nm because bound (adsorbed and interlayer) water has not 
been or has only partly been removed by drying at 105˚C (Pearson et al., 2003; 
Marschall et al., 2005). In claystones interlayer adsorbed water is removed up to 
temperatures of 250˚C (Plötze et al., 2007) and in addition water adsorption and 
desorption data (NAGRA, 2002) shows a most abundant pore diameter of 3 nm. 
Secondly, differences between MIP and water-loss or physical porosities may also be 
due to the fact that these porosity measurements are done on comparable but not on 
the same samples. Differences in porosity values between the BIB-SEM measurements 
and MIP, water-loss, physical porosity measurements are explained by the fact that 
smaller pores are expected to be present in the clay matrix although they are not 
visible in the SEM mosaics investigated here. In trying to evaluate the total porosity, it 
is assumed that the distribution of pore-areas below the resolution of BIB-SEM 
method follow a similar power-law area-size distribution measured for pore-areas 
detected in the SEM mosaics. This enables the estimation of the total porosity by 
|Microstructures of Sh. and Sa. F. OPA 
121 
 
extrapolation of the power-law down to the resolution of MIP; i.e. the pore areas are 
extrapolated down to pore areas of 7.07 nm2 corresponding to a pore diameter of 3 
nm. Extrapolation of the pore areas, using D = 2.25 ± 0.079 and log C* = -1.06 ± 0.433, 
results in a total extrapolated clay matrix porosity between 20.5 and 25.3% when 
extrapolating both to larger and to smaller pore areas. Assuming that each non-clay 
porous mineral/ mineral aggregate has a characteristic porosity in the range of their 
visible porosities in the SEM images (Table 5-4), the combination of porosity born by 
non-clay minerals and the extrapolated clay matrix porosity enables calculating the 
total porosity in the SEM mosaics. Total porosity of the BCS drill-core sample is for the 
best fit 15.3% (between 9.4 – 27.4% using the two outermost fits), which is 
comparable to the measured physical/water-loss porosity range for the Shaly facies 
(12.6 - 24.7%; Bossart & Thury, 2008; Figure 5.11A) and slightly higher than the MIP 
porosity. The total extrapolated porosity in the clay layer of the Sandy facies (BWS drill 
core) is 14.1% (8.63 - 25.2%), which is again in agreement with the water-loss/physical 
porosities (17.2 - 17.7%) and higher than the MIP porosity of 9.9% (Figure 5.11B). For 
sand layer, the total extrapolated porosities are calculated to be between 6.6 - 13.0%  
and on average ca. 9.3%, which higher than the MIP porosity (5.1) and comparable to 
water-loss/physical porosity of 10%  (Figure 5.11C). The carbonate layer shows an 
extrapolated porosity of 10.5% which is higher than both the MIP and water loss/ 
physical porosities (Figure 5.11D). Overall sand and carbonate rich layers display a 
lower total porosity (ca. 6-10%; Figure 5.11) than the clay-rich layers (ca. 12-25%; 
Figure 5.11). This is also observed by Crawford et al. (2008) and Koroleva et al. (2011) 
who stated that as soon as the clay content in a rock becomes high enough, so that 
the mineral grains are ‘floating’ in the matrix, the porosity of the rock will increase 
with increasing clay content. 
5.4.5 Opalinus Clay ‘Elementary building blocks’ 
The Opalinus Clay comprises the following minerals: quartz, calcite, mica, siderite, 
pyrite, feldspar, organic matter, ankerite/dolomite and clay minerals. Qualitatively 
both Shaly and Sandy facies, and all differentiated layers within, comprise a number of 
all these minerals, quantitatively the amount of a certain mineral present shows a 
large range (Table 5-2 and Table 5-3) and depends on the specific layer and facies 
investigated. Based on 16 BIB polished cross-sections and more than 700,000 
segmented pores, it is concluded that all identified porous minerals/mineral 
aggregates display each a characteristic porosity range (Table 5-2), characteristic pore 
geometry based on the images (Figure 5.4) and a characteristic pore shape based on 
axial ratio and circularity (Figure 5.7). Therefore, we propose that each porous mineral 
can be considered as an elementary building block for Opalinus Clay (Desbois et al., 
2011b).  
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The two end-member facies (Sandy and Shaly) of Opalinus Clay show the following 
common homogeneous elementary building blocks (Figure 5.12): (1) minerals 
featuring intragranular porosity not connected to the clay matrix at SEM 
magnifications used (e.g.: quartz, calcite, siderite), (2) intragranular pores that are 
connected to the clay matrix (e.g.: fossil, mica), (3) intergranular pores in between 
minerals (e.g. framboidal pyrite), (4) intergranular cracks and (5) intergranular pores in 
the clay matrix. Different facies of Opalinus Clay are composed of different amounts of 
these elementary building blocks (mineral composition; see also Houben et al., 2013). 
Combining the right amounts (mineral composition) of the different homogeneous 
building blocks and by distributing them in a suitable way (mineral distribution) the 
different homogeneous elementary building blocks together can be used to outline 
the microstructure of the heterogeneous Opalinus Clay. Hence, as soon as the 
mineralogy and the mineral distribution are known, one can visualize the 
microstructure schematically (Figure 5.12) together with a first approximation of the 
porosity present in that particular sample. In addition, identifying common porous 
minerals in the BIB-SEM cross-sections helps to aim FIB experiments at different target 
spots to investigate the 3D (connected) porosity in the different mineral phases. 
5.5 Conclusions 
- BIB-SEM measurements are made on representative elementary areas and 
extrapolated porosity values give comparable results to bulk sample 
measurements (Water-loss, physical and MIP porosity).  
- Increasing grain size may prevent the clay matrix from compaction resulting 
in a higher clay packing density in the clay-rich layers and a lower visible BIB-
SEM porosity.  
- Sand and carbonate rich layers display a total porosity (BIB-SEM, water-loss 
and physical) of 6-10% and the clay-rich layers show a total porosity of 12-
25%. 
- Common minerals are considered together with the cracks and a clay matrix 
as elementary building blocks of Opalinus Clay. Combining the right amounts 
(depending on the mineral composition) of the homogeneous building blocks 
together, these were used to illustrate the microstructure and approximate 
the total porosity of the different layers of the heterogeneous Opalinus Clay. 
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Figure 5.12: The ‘elementary building blocks’ for the Opalinus Clay microstructure are shown in the top row. 
These ‘blocks’ can be used to schematically draw the microstructure when the mineralogy of sample is 
known. When combined in an appropriate way the homogeneous elementary building blocks can be put 
together to illustrate the differences in the different layers encountered in the heterogeneous Opalinus Clay. 
Shaly facies drill-cores (mm-cm scale) are relatively homogeneous and this is reflected in the microstructure 
of this layer. The Sandy facies is more heterogeneous on mm-cm scale, hence microstructurally this facies is 
subdivided in clay layers, sand layers and carbonate lenses, for the microstructure it is important than to 
know the mineral composition and distribution per sub-facies.   
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6 Investigation of the microstructure of the Shaly 
facies of Opalinus Clay from mm to nm scale using a 
combination of µ-CT, BIB-SEM and FIB-SEM 
Abstract 
Opalinus Clay is one of the fine-grained sedimentary formations investigated as a 
possible geological repository for the long-term storage of radioactive waste. Porosity, 
pore size, pore shape and connectivity of pores will help to define sealing capacities of a 
host rock. In this paper FIB-SEM, BIB-SEM and µ-CT investigations are combined in order 
to investigate the nm-mm scale microstructure of the Shaly facies of Opalinus Clay in 2D 
and 3D. The µ-CT measurements are used to get a 3D overview of the microstructure of 
a 2 mm core down to a 2.6 µm voxel size. Using the BIB-SEM method a 2D polished 
cross-section was made through the core investigated with µ-CT to research the 
mineralogy and porosity down to the nm scale. FIB-SEM measurements were performed 
on selected areas to investigate the pore shape and connectivity in 3D down to the nm 
scale. The mineralogy of the Shaly facies of Opalinus Clay exists mainly of a clay matrix 
(mineral fragments < 2 µm) wherein the minerals quartz, calcite, siderite, pyrite, fossil 
shell and bivalve fragments are embedded. Pores in the clay matrix follow a power law 
size distribution with a power law coefficient of 2.26, which is independent of the 
direction of milling as evidenced by comparable values perpendicular and parallel to the 
bedding. Visible porosity of the BIB-SEM mosaics and FIB-SEM cubes is around 2%. 
About 10 – 20% of the porosity is thought to be below the SEM resolution used to image 
INVESTIGATION OF THE MICROSTRUCTURE OF 
THE SHALY FACIES OF OPALINUS CLAY FROM 
MM TO NM SCALE USING A COMBINATION OF 
µ-CT, BIB-SEM AND FIB-SEM 
Chapter 6| 
132 
 
the samples bridging the porosity gap between BIB- and FIB-SEM methods and 
macroscopic porosity measurements. 
Key words: Opalinus Clay, Shaly facies, Broad-Ion-Beam milling, Focused-Ion-Beam 
milling, SEM-imaging, µ-CT.  
6.1 Introduction 
Since 1996 Opalinus Clay has been investigated in the Mont Terri rock laboratory 
(Switzerland) with the aim to analyze the hydrogeological, geochemical and rock 
mechanical properties of the rock (NAGRA, 2002; Bossart & Thury, 2008; Mazurek et 
al., 2011). Physicochemical properties of mudrocks depend on the mineralogy and size 
of deposited grains as well as diagenetic changes and because of their low 
permeability and high capillary entry pressures mudstones act as seals and flow 
barriers in reservoirs (Aplin & Macquaker, 2011). Opalinus Clay is one of the fine-
grained sedimentary formations investigated as a possible geological repository for 
the long-term storage of radioactive waste in Switzerland. The Aalenian Opalinus Clay 
is subdivided into five lithostratigraphic sub-units (NAGRA, 2002) grouped into three 
facies (Pearson et al., 2003); a Shaly facies, a Sandy facies and a Carbonate-rich Sandy 
facies. Different sedimentary regimes in a shallow coastal basin during time of 
deposition caused the different facies to develop (Wetzel & Allia, 2003; Nussbaum et 
al., 2011).  
In the past shales were not considered as exploitable natural gas reservoirs and/or as 
possible geological repositories, on the search for new fossil energy resources, cap 
rocks for carbon sequestration and places for long term storage of waste thorough 
investigation of the microstructure of shales has been a rapid developing field (Curtis 
et al., 2010; Kanitpanyacharoen, et al., 2011; Josh et al., 2012). Microstructural 
investigations of shales until recent were mostly done using macroscopic 
measurements like; Mercury Intrusion Porosimetry (MIP) and densitometry (Bossart & 
Thury, 2008; Curtis et al., 2010). Favorable host rock properties depend on the rocks 
microstructure and detailed investigation of the pore morphology and pore space 
contributes to understanding of sealing capacity, coupled flow and associated 
deformation in clay (Marshall et al., 2005; Esteban et al., 2006; Fanchi, 2010; Bera et 
al., 2012). Porosity and the size, shape and connectivity of pores defines the 
permeability and sealing capacity of a rock and when pore sizes decrease fluid flow 
cannot be described by Darcy’s law hence diffusion becomes the rate controlling step 
for transport process through the rock (Curtis et al., 2010; Altmann et al., 2012; Josh et 
al., 2012; Robinet et al., 2012). Furthermore, presence of porosity will affect the 
mechanical response of shale to external  pressure, round pores would be less likely to 
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collapse when an external pressure is applied (Curtis et al. 2010), influencing the 
failure limit of a shale (Josh et al., 2012).  Direct imaging of the microstructure of 
shales is a rapidly developing field since the ion beam milling technique has proved to 
produce smooth and damage free surfaces (e.g. Holzer et al., 2006, 2007, 2010; 
Muench et al., 2006; Desbois et al., 2008, 2009, 2010a, 2010b, 2011; Chalmers et al., 
2009; de Winter et al., 2009; Loucks et al., 2009, 2012; Ambrose et al., 2010; Curtis et 
al., 2010, 2011, 2012; Sisk et al., 2010; Sondergeld et al., 2010; Holzer and Cantoni, 
2011; Heath et al., 2011; Keller et al., 2011; Schneider et al., 2011; Klaver et al., 2012).  
This paper describes the microstructure of the Shaly facies of Opalinus Clay, using: X-
ray computed microtomography imaging (µ-CT), Broad-Ion-Beam (BIB) milling in 
combination with Scanning-Electron-Microscopy (SEM) imaging and Focused-Ion-
Beam (FIB) in combination with SEM imaging. X-ray computed microtomography has 
been used to get a 3D overview of the microstructure of a 2 mm core down to a voxel 
length of a few µm’s. The information gained here is than extended to the nm scale by 
making a BIB polished cross-section in the middle of the  µ-CT drill core, enabling 
investigation of the mineralogy and porosity of the ‘matrix’ in 2D down to pixel sizes of 
a few nm’s. These 2D BIB-SEM investigations can then be extended to 3D by doing FIB-
SEM imaging on in the BIB-SEM data selected areas (Figure 6.1).  
6.2 Material and methods 
6.2.1 Sample material 
Opalinus Clay samples investigated originate from gallery 96 of the Mont Terri rock 
laboratory (Switzerland). The rock laboratory is currently located 300m below the 
surface and cross-cutting an apparent 160 m section of Opalinus Clay (Thury & 
Bossart, 1999). It is situated in and next to the security gallery of a highway (A16) 
tunnel north of the town of St-Ursanne (North-Western Switzerland). The Mont Terri 
anticline formed at the junction between the frontal part of the Jura fold-and-thrust 
belt and the Rhine-Bresse transfer zone during the Jura thrusting phase (Nussbaum et 
al., 2011), where the entire sedimentary column behaved as one single layer during 
folding.  
Sample material used in this study originates from the northwestern end of gallery 96 
and was cored within the Shaly facies. The core was drilled with a 101 mm diameter 
tungsten carbide bit cooled with dry air. The samples were derived from 2.72 m into 
the gallery wall. After drilling the cores were stored in aluminum barrier foil to prevent 
them from dehydration. On the mm-cm scale using a hand lens there is no distinct 
bedding visible. 
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6.2.2 Imaging of the clay microstructure 
6.2.2.1  X-ray computed microtomography (µ-CT) 
The drill core used was unpacked form the aluminum barrier foil and a sub-sample 
was produced from the middle of the drill core, as far away from the drill core wall as 
possible. The sample had a length of 3 mm and was polished using carbide paper (grit 
size 1200) until it reached a diameter of ca. 2 mm. The µ-CT sample was oven dried 
starting at a temperature of 25˚C the temperature was increased with 5˚C daily until a 
temperature of 60˚C was reached.     
 
Figure 6.1: This figure illustrates the upscaling method used in this paper to image the microstructure of the 
Shaly facies of Opalinus Clay. A. Sedimentary log of Opalinus Clay, where the investigated sample is from the 
Shaly facies (lower half of the section) (NAGRA, 2002). B. Investigated drill core. C. µ-CT sample. D. BIB-SEM 
polished cross-section. E. FIB-SEM cube.  
X-ray computed microtomography is a non-destructive method and is used here to 
image the microstructure of the Opalinus Clay directly in 3D (Salvo et al., 2003). CT is a 
technique that measures density and atomic composition through objects (Wellington 
& Vinegar, 1987). X-rays were send to a detector resulting in 2D images where a 3D 
image was produced based on hundreds of angular images acquired when the object 
is rotating 360˚ (Josh et al., 2012). A computer stacks these images as virtual cross-
sectional slices through the sample. The resolution of the image depends on the 
sample core diameter. Imaging of shales, using µ-CT, displays core orientation relative 
to the bedding, presence of fractures and mineral nodules (Josh et al., 2012) and 
furthermore, can be used to identify non-damaged full diameter sections for detailed 
studies. 
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The Procon CT-Alpha 160 at the institute for geosciences of the Johannes Gutenberg 
University in Mainz was used for the experiments. The µ-CT data has a voxel resolution 
of 2.6 µm and was visualized and segmented using AVIZO 7.0 (VSG, 2011). 
After the sample has been imaged using µ-CT the sample was glued on a BIB sample 
holder and pre-polished using carbide paper. A BIB polished cross-section was made in 
the middle of the core imaged with the µ-CT, enabling investigation of the porosity 
and mineralogy in 2D down to the nanometer scale (Figure 6.2 A-D, Figure 6.3). 
Energy-dispersive X-ray spectroscopy (EDX; point measurements and maps) were used 
together with Back Scattered Electron (BSE) images to image the mineralogy in the BIB 
polished cross-section and Secondary Electron (SE) images were used to image the 
porosity. 
 
Figure 6.2: Schematic drawing of the work flow. A. Drill core of sample material. B. First step is to image the 
drill core using X-ray microtomography. C. The drill core is than sliced in half were after a BIB polished cross-
section was made. D. This cross-section is imaged using a SEM. E. FIB-SEM can then be performed on 
selected areas of the BIB polished cross-sections. 
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Figure 6.3: This figure illustrates the 
up scaling of the µ-CT image slice 
polished using the BIB polisher. A. µ-
CT image slice through the drill core. 
B. BSE image of the BIB polished 
cross-section used to identify 
different mineral phases in the µ-CT 
sample. C. SE image of the BIB 
polished cross-section used to identify 
the porosity in present in the µ-CT 
sample.  
 
 
 
 
 
6.2.2.2 BIB-SEM 
Next to a BIB polished cross-section through the µ-CT core two more subsamples were 
investigated using BIB polishing and SEM imaging. Drill cores were unpacked form the 
aluminum barrier foil and two pieces (ca. 1 x 0.5 x 0.5 cm) were broken off from the 
center of the drill core as far away from the drill core wall as possible. The samples 
were oven dried at a maximum temperature of 60˚C, where the temperature was 
increased from 25˚C onwards with 5˚C a day. Dried samples were pre-polished using 
carbide paper (down to a grit size of 1200) resulting in a ca. 90˚ angle between the top 
and the to be polished surface, where after a ca. 1 mm2 polished cross-section has 
been made using the JEOL (SM 09010) cross-section polisher (Figure 6.4 A). BIB cross-
sections were cut perpendicular to the bedding. 
The BIB-polished cross-sections were gold coated prior to imaging with a Scanning 
Electron Microscope (SEM, Zeiss supra 55). The two BIB polished cross-sections were 
imaged with the aim to select two 100 µm2 areas on which Focused-Ion-Beam (FIB) 
serial cross-sectioning would be performed. The whole BIB-polished cross-section was 
first imaged as a mosaic using a magnification of 3000 with both Back Scattered 
Electron (BSE) and Secondary Electron (SE) detectors to gain information about the 
mineral and porosity distribution in 2D. Selected areas in between the µm wide cracks 
and next to the bigger calcite fossils and pyrite aggregates were afterwards imaged at 
a magnification of 25,000 as SEM mosaics (Figure 6.4 A, B). SEM images of the 2D BIB 
polished cross-sections were combined into one high resolution image using Kolor 
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Autopano giga software (Kolor, 2008). Porosity was segmented from a mosaic made 
with the secondary electron (SE) detector using a combination of thresholding and 
edge detection (Gonzalez et al., 2009) in Matlab (the Matworks, 2010). After 
segmentation the segmented image was loaded into ArcMAP 10 (ESRI, 2010) together 
with the original image, enabling manual correction of the polygonized segmented 
image. Mineralogy was segmented manually from BSE mosaics in ArcMAP 10 (ESRI, 
2010). In order to assign certain mineral names to BSE gray values the minerals were 
identified using Energy-dispersive X-ray spectroscopy (EDX) both point measurements 
and maps. 
 
Figure 6.4: A. Overview of the BIB-polished cross-section used select areas for high resolution mosaics. B. 
High resolution mosaic of a selected area of the BIB polished cross-section used to select a clay matrix rich 
area of ca. 10 x 10 µm. C. To enable FIB-SEM image the area selected in the BIB polished cross-section is here 
surrounded by a U-shaped trench. D. FIB-SEM serial cross-sectioning experiment with to the left before the 
experiment and to the right after the experiment.  
6.2.2.3 FIB-SEM   
A clay matrix rich (Volume 1) and a fossil shell (Volume 2) area are selected in the BIB 
polished cross-sections, these are being investigated using the FIB-SEM method. A FIB-
SEM microscope is a SEM combined with a FIB polisher (Ga-ion source) so that both 
beams coincide at their focal points (Figure 6.2 E) with a 52˚ angle between the 
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electron and ion beam, enabling serial cross-sectioning of bulk material (Holzer et al., 
2007; de Winter et al., 2009; Curtis et al., 2010; Keller et al., 2011).  The slice and view 
software package developed by D.A.M. de Winter (Utrecht University) allowed serial 
cutting of slices and simultaneous imaging with the electron beam of the FEI Nova 600 
Nanolab DualBeam instrument (de Winter et al., 2009) at an angle of 38˚ to the 
sample. The imaged slices can be put back together permitting imaging of sample 
volumes. For the clay-rich area 405 (ca. 7 x 7 µm) slices are imaged all 20 nm apart, 
using a pixel size of 5 nm. The fossil-rich area was imaged with the same magnification 
and 150 slices of ca. 10 x 10 µm were imaged, were the slices were again 20 nm apart. 
The serial cross-sectioning was performed on both samples perpendicular to the 
bedding (Figure 6.4).     
The slices are aligned using the Avizo Fire 7.0 software (VSG, 2011). The method used 
allowed alignment of the successive slices based on the gray values in the images, 
although this program automatically aligns all slices visible mistakes can be manually 
corrected. After alignment of the slices visible porosity in the 2D slices was traced 
using thresholding in MATLAB (The Math Works, 2010) which was then corrected 
manually, again by loading both the segmented and original images in ArcMAP 10 
(Esri, 2010). A 3D pore volume model has been made from the segmented 2D images 
using Avizo Fire 7.0, were pores in successive slices are connected to each other when 
the pore faces touch in the successive slices (Figure 6.5).   
6.3 Results 
6.3.1 Mineralogy Shaly facies Opalinus Clay  
Mineral identification depends on the scale of investigation and hence on the method 
used to image the shale microstructure. The µ-CT data allows us to differentiate 
between cracks (1.9 vol.% of the drill-core), bivalve fragments (0.7 vol.% of the drill-
core), pyrite (0.1 vol.% of the drill core) and a matrix (97.3 vol.%) in which minerals 
cannot be differentiated on the µ-CT image scale (Figure 6.6 A, B). The segmented 
image illustrates that cracks run through the entire µ-CT core, they often run along the 
bedding and are situated close to/ are surrounding the larger bivalve fragment. The 
average nearest neighbor distance between the cracks in the µ-CT core is 59 µm, for 
the pyrite nodules visible in the µ-CT data this is 107 µm and the nearest neighbor 
distance for the bivalve fragments is on average 88 µm.  
The identified matrix visible on the µ-CT scale is investigated in more detail using the 
BIB-SEM method, this resulted in a µ-CT matrix existing of quartz (2.03%), Calcite 
minerals (1.92%), Siderite (0.94%), Pyrite (0.23%), Fossil shell (3.11%), Bivalve 
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fragments (1.31%) and a Clay matrix comprising mineral fragments < 2 µm which 
makes up 90.46% of the segmented BIB-SEM image (Figure 6.6 C). 
 
Figure 6.5: This figure is illustrating pore connectivity in the 3
rd
 dimension. The D-direction is the direction of 
imaging. The 50
th
 pixel lines of the 1
st
 successive FIB-SEM Volume 1 slices are shown in the left image. The 
middle image shows the same as the left image, but now with the correct spacing, on this picture pores in 
successive slices are connected to each other when the faces of the pores touch. A question mark is given to 
pixels that are not dark enough to be clearly pores, pores that are only one or two pixels wide and pore 
pixels in successive slices whereof the faces are not touching. Interpretation of the pore connectivity in the 
3
rd
 dimension is illustrated in the right picture.    
6.3.2 Representative elementary area and volume  
In order to identify the representative elementary volume (REV) the visible mineralogy 
of a cube, increasing in size, within the µ-CT data was identified (Figure 6.7 A; Kameda 
et al., 2006; Klaver et al., 2012). The REV for the µ-CT sample is ca. 1.5 x 1.5 x 1.5 mm 
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(Figure 6.7 B), which is mainly due to the spread of the bivalve fragments (average 
nearest neighbor distance: 90 µm) that start to influence the REV measurements from 
a cube length of 740 µm onwards. The REV for the matrix visible in the µ-CT data 
seems to be in the order of 60 to 360 µm, this is confirmed by using the box counting 
method on the BIB-SEM 2D overview (Figure 6.3 C), see Figure 6.7 C, which shows that 
once the investigated area exceeds 180 x 180 µm the mineralogy does not change 
significantly anymore. This results in a minimum area that should be investigated for 
the Shaly facies of Opalinus Clay, which should be at least 180 x 180 µm when 
interested in the clay matrix. When the Shaly facies of Opalinus Clay as a whole is the 
target the volume of investigation should at least be 1.5 x 1.5 x 1.5 mm.  
A note here is that the FIB-SEM data does not exceed the REA in both cases. For 
Volume 1 405 slices of 44 µm2 are investigated, resulting in an investigated area of ca. 
133 x 133 µm. That the REA is not imaged means that for Volume 1 not all mineral 
phases identified in the BIB-SEM image are also imaged in this FIB-SEM Volume. For 
the pores encountered this means that pores in the clay matrix are imaged in large 
enough amounts to be called representative, but pores in other mineral phases/ 
aggregates are not (e.g. pores in siderite and calcite) or are not imaged at all (e.g. 
pores in pyrite and quartz). 
6.3.3 Porosity and pore orientation 
Visible porosity just like mineralogy depends on the length scale used for imaging. In 
the µ-CT images the only porosity visible are the cracks running through the sample, 
therefore visible porosity down to 2.6 µm is 1.9 vol.% (). The BIB-SEM mosaic made 
using a magnification of 5000 (Mosaic 1) shows a visible porosity of 1.6% and 0.98% of 
the mosaic is made up of cracks. Mosaic 2 is taken at a magnification of 20000 and 
displays a visible porosity of 1.8% and 0.79% of the mosaic exists of cracks. In both 
mosaics the other ca. 50% of porosity are pores in the clay matrix (27.1%), pores in 
quartz (0.1%), pores in pyrite (0.4%), pores in siderite (1.1%), pores in calcite (0.4%), 
pores in fossil shell (16.3%) and pores in bivalve fossil fragments (2.9%). FIB-SEM 
Volume 1 displays a visible porosity of 2.1% and 0.9% of the sample is segmented as 
cracks. Of the porosity visible in FIB-SEM (Figure 6.8) Volume 1 47.9% is present in the 
clay matrix, 5.6% is associated with fossil shells and 3.8% is associated with siderite 
minerals. FIB-SEM Volume 2 displays a visible porosity of 2.8% all present within a 
fossil shell. Every porous mineral or mineral aggregate is displaying a distinctive 
porosity value inferred from the BIB-SEM measurements: clay matrix 0.66%, quartz 
0.04%, pyrite 0.003%, siderite 3.08%, calcite 0.11% and fossil shell 10.48% (see also 
Chapter 5). Pores in the clay matrix in both the BIB-SEM and FIB-SEM data show a 
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preferred pore orientation along the bedding. The visible cracks in the µ-CT data also 
show a pronounced orientation along the bedding.  
 
Figure 6.6: A. µ-CT slice through the sample where four different phases can be identified, a matrix, bivalve 
fragments, pyrite and cracks. B. Segmented µ-CT data in 3D showing the cracks in red, the bivalve fragments 
in blue and the cracks in red. C. Segmented BIB-SEM data showing the different identified minerals and the 
corresponding pores. 
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Figure 6.7: A. Illustration of the method used to image the REV, where the mineralogy of a growing cube is 
determined. B. Mineralogy of different cube sizes, where the REV is 1.5 x 1.5 x 1.5 mm. C. Mineralogy for 
different box sizes of the BIB-SEM data, where the REA is 180 x 180 µm.  
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6.3.4 Clay matrix pore size distribution 
The pore size distribution differs per mineral phase or aggregate the pores are 
occurring in. The pore size distribution in 2D within one mineral phase in different 
mosaics can be matched when it is normalized to the investigated area, this is written 
as (Klaver et al., 2012; Chapter 4): 
Log [Ni/(b2D i.Smosaic)] = −D.Log [Si]+ Log [C*]  (equation 6.1) 
where Ni is the frequency of the pores with a characteristic surface smaller than Si 
within the 2D bin-size b2D i, Smosaic is the area of the mosaic, D is the power law 
exponent and C* is a constant of proportionality. The bin-size for the 2D images used 
grows exponentially with b2Di = 2
x, where x is an integer starting with 1. Measured 
pore sizes are restricted on both the low and high end of the measurements, smallest 
pore size visible (Smin) depends on the magnification used for SEM imaging and the fact 
that pores consisting of less than 6 pixels could not be reliably segmented, at the high 
end (Smax) data is limited by the fact that the investigated area is not infinite and bigger 
pores are not present in this rock (Chapter 4). 
The BIB-SEM pore size distribution can be compared to the FIB-SEM pore size 
distribution when the FIB-SEM data is treated as 2D slices ending up with an imaged 
area of 405 times an area of 44 µm2. The pores in the BIB-SEM mosaics are power law 
distributed with a power law exponent of 2.28 ± 0.154 and a constant of 
proportionality of -1.09 ± 0.705 (Figure 6.9 A), where these values are inferred from 
the best power-law fit to the data between Smin and Smax and the outermost linear fits 
through the data are used as a measure of uncertainty for the best fit (Klaver et al., 
2012). The pore size distribution present in the FIB-SEM 2D slices is calculated in 3 
directions for pores with an area > 5 pixels, where the D-direction was perpendicular 
to the bedding and the direction of picture taking, E-direction was 90˚ with respect to 
D but still perpendicular to the bedding and the F-direction again 90˚ with respect to D 
but this time parallel to the bedding (Figure 6.9 B). On average the pores in the clay 
matrix in FIB-SEM Volume 1 are in 2D power law distributed with a power law 
distribution coefficient of 2.27 ± 0.222 and a constant of proportionality of -1.37 ± 
0.949 (Figure 6.9 B). 
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Figure 6.8: A. FIB-SEM cube Volume 1, the clay matrix. The D-direction is the direction of imaging. B. 
Segmented pore volumes in FIB-SEM cube Volume 1. C. FIB-SEM cube Volume 2 imaging a fossil shell. The D-
direction is the direction of imaging. D. Segmented pore volumes in FIB cube Volume 2.  
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Following the same approach as for the 2D data, the FIB-SEM data enables calculation 
of the pore size distribution in the clay matrix in 3D. The 3D pores size distribution is 
expressed as:  
Log [Ni/(b3D i.VFIBcube)] = −D.Log [Vi]+ Log [C*]  (equation 6.2) 
where Ni is the frequency of the pores with a characteristic volume smaller than Vi 
within the 3D bin-size b3D i, VFIBcube is the volume of the FIB data, D is the power law 
exponent and C* is a constant of proportionality. The 3D bin-size grows exponentially 
with b3Di = (2√2)
x, where x is an integer starting at 1. Pore volumes that are larger than 
8 pixels (3D equivalent to a 5 pixel area) are distributed with a distribution coefficient 
of 2.20 ± 0.193 and a constant of proportionality of -1.67 ± 0.833 (Figure 6.9 C). 
6.3.5 Pore shape and pore connectivity 
The 2D pore shape described by axial ratio and circularity as present in the Shaly facies 
BIB-SEM mosaics are described in Chapter 5 and hence will not be described in detail 
here. In FIB-SEM Volume 1 ca. 4650 single pore volumes are segmented all consisting 
of more than 20 voxels (Figure 6.8 B). Nearest neighbor distance is on average ca. 120 
nm measured from the pore mid. In order to illustrate the 3D pore shape and 
connectivity only the largest pore volumes present in the 1st fifty slices are plotted in 
Figure 6.10 A. In the direction of imaging (D-direction) the 3D FIB-SEM data shows that 
pore volumes are elongated and oriented along the bedding (Figure 6.10 B, C), or are 
spherical and elongated along the bedding (Figure 6.10 D, E). In the slides presented in 
Figure 6.10 one pore with a more complicated microstructure is present (Figure 6.10 F, 
G), this pore shows pore throats of 3 voxels (60 nm). Most pores in the clay matrix 
typically show simple shapes as illustrated in Figure 6.10 B-E these pores are 
interpreted as being pore bodies. More complicated pore shapes, featuring both pore 
bodies and pore throats (Figure 6.10 F) are rare, but examples encountered in FIB-SEM 
Volume 1 are presented Figure 6.11. Pore throats visible in the FIB-SEM data are in the 
order of 50-140 nm wide (Figure 6.11).  
All minerals present are embedded within the clay matrix, meaning that transport of 
water/gas through a sample like this will depend on the pore connectivity in the clay 
matrix and whether or not pores within the minerals are connected to the clay matrix. 
FIB-SEM data shows a few pore throats in the range of 50-140 nm, but most pore 
volumes are pore bodies unconnected to each other. Connections between these pore 
bodies when present have to be smaller than the resolution used for imaging of FIB-
SEM cube Volume 1, hence having pore throats with radii smaller than 20 nm. From 
BIB-SEM mosaics imaged here and as described in Chapter 4 it is concluded that at the 
SEM resolution used for imaging pores in calcite, quartz and siderite minerals are not 
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connected to the clay matrix, which is confirmed by the FIB-SEM data for pore bodies 
present in siderite (Figure 6.12 A, B). Pores in framboidal pyrite, fossil shell and bivalve 
fragments are connected to the clay matrix in 2D (Chapter 4) which is for the 3D pore 
connectivity in fossil shell confirmed by FIB-SEM Volume 2 (Figure 6.12 C, D), were it is 
clearly visible that the pore bodies present on the outside of the fossil shell are 
connected to the clay matrix. Pore bodies present within the fossil shell are at the 
resolution used for imaging not connected to each other or to the clay matrix (Figure 
6.12 C, D). Also the cracks visible in the 2D slices of FIB-SEM Volume 1 are connected 
in 3D (Figure 6.13). Even pores that do not seem to be connected to the crack on first 
glance are in 3D connected to the crack (Figure 6.13 A).   
6.3.6 Porosity 
Cracks are visible in the µ-CT samples as well as in the BIB-SEM and FIB-SEM samples. 
Origin of the cracks is not clear from the here published results, but they are 
interpreted as not being part of the in-situ microstructure (Chapter 4) and could be 
formed by: drilling and stress relaxation (Corkum & Martin, 2007), drying of the 
samples (Soe et al., 2009) or a combination of both. The samples investigated and 
presented here are first oven-dried, but in order to elaborate crack origin one could do 
µ-CT measurements on for instance an in-situ core that is packed in aluminum barrier 
foil or instead of drying samples beforehand the samples could be dried while imaging 
using µ-CT. Sample drying and meanwhile CT scanning could allow imaging of crack 
formation when they are caused by air-drying, are the cracks already present than 
they formed due to drilling and stress relaxation.   
6.4 Discussion 
6.4.1 Mineralogy 
Imaging Opalinus Clay using µ-CT gives information about the presence and spread of 
the bivalve fragments, the amount of cracks and the spread of pyrite nodules. Other 
mineral phases in the µ-CT matrix cannot be differentiated due to the scale of imaging, 
and that is why a BIB-polished cross-section was made within the µ-CT core enabling 
SEM imaging of a 2D section at a higher resolution (resolution used has a pixel size of 
15 nm) for determination of the mineralogy in the matrix. The overall microstructure 
of the here investigated sample exists of: 1.93% Cracks, 0.58% Bivalve fragments, 
2.76% Quartz minerals, 2.68% Calcite minerals, 1.04% Siderite minerals, 0.26% Pyrite 
minerals/ nodules, 3.35% of Fossil Shells and 87.39% of Clay matrix (particles smaller 
than 2 µm). The combination of µ-CT and BIB-SEM imaging enables unraveling of the 
mineralogy on REV’s down to the nm scale.  
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Figure 6.10: A. Largest pore volumes present in the 1
st
 50 slices of FIB-SEM Volume 1. B. Elongated pore 
volumes (pore bodies) present along the bedding shown in the direction (D) the images where taken. C. 
Elongated pore volumes in the D-direction which are also elongated in the F-direction. D. Spherical 3D pore 
volumes (pore bodies). E. Illustrating that the spherical pore volumes in Figure 10D are elongated in D-
direction. F. A more complicated pore shape featuring both pore bodies and pore throats. G. Illustration the 
pore throats connecting two pore bodies in this particular pore. 
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Figure 6.11: A-D. Examples of complicated pore shapes encountered in FIB-SEM Volume 1 featuring pore 
throats in the range of 50-140 nm.  
 
Figure 6.12: A. and B. 
Illustration the 3D pore volumes 
present within a siderite mineral 
in FIB-SEM Volume 1, were all 
individual pore volumes are 
indicated with different colors. 
C. and D. Illustration of the 3D 
pore volumes present in a fossil 
shell in FIB-SEM Volume 2, were 
again all individual not 
connected pore volumes are 
showed with different colors.  
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Figure 6.13: A., B., and C. Illustration showing the 3D volume of one crack propagating through FIB-SEM 
Volume 1.   
Porosity visible in the µ-CT sample is only made up of cracks and the visible porosity is 
2 vol.% of the total sample. The reason why the BIB-SEM and FIB-SEM samples both 
do not show the same amount of cracks (< 1% of the sample) is due to choosing the 
mosaic locations between the biggest cracks visible in the polished cross-section, also 
due to the fact that these cracks are interpreted as not being part of the in-situ rock’s 
microstructure. The visible porosity in the BIB-SEM mosaics is for the magnifications of 
5,000 and 20,000 respectively 1.6% and 1.8%, whereof about 50% of these porosities 
is due to the cracks present in the cross-sections, meaning < 1% of the mosaic area 
indicating that area selection in between microcracks in 2D is effectively decreasing 
the porosity due to micro cracks with ca. 50%. Same holds true for the FIB-SEM data 
although this is harder to accomplish since one never knows whether one would 
encounter a micro crack 1 µm below the BIB-SEM surface.  
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FIB-SEM Volume 1 was imaged with the aim to image the clay matrix porosity in 3D, 
meaning that the other minerals and hence the porosity present within the other 
minerals are underestimated in this data set also because of the fact that the FIB-SEM 
data in 2D and in 3D does not cover the REA/ REV (, Figure 6.7). This indicates that the 
here presented FIB-SEM data cannot be used to get an overview of all minerals and 
their corresponding pore morphology/ porosity in the matrix imaged in the µ-CT data, 
for this the BIB-SEM method should be used. The aim of imaging FIB-SEM Volume 2 
was to map the 3D porosity in the most porous mineral (fossil shell) of the BIB-SEM 
mosaics and check pore connectivity within these, the image shows that although the 
pores in a fossil shell are not connected from one end to the other end of the fossil at 
the resolution used for imaging (voxel size ca. 5 x 5 x 20 nm) the pores present at the 
fossil shells outside are (Figure 6.12 C, D).  
6.4.2 Pore size distribution 
Pore size distributions (PSD’s) are calculated for the BIB-SEM and FIB-SEM data, where 
for the FIB-SEM data the PSD could be calculated in 2D as well as in 3D on the same 
data-set. Difference in pore size with respect to the imaging direction is investigated 
using the FIB-SEM data of Volume 1 wherefore the PSD is calculated in 3 different 
directions, two times perpendicular to the bedding with a 90˚ angle between the two 
data-sets (D- and E-directions) and once parallel to the bedding (F-direction). All three 
2D FIB-SEM  pore size distributions show a similar size distribution which is also 
comparable to the 2D BIB-SEM PSD in the clay matrix in the Shaly as well as in the 
Sandy facies (see also Chapters 4 and 5).  
Basically the 2D FIB-SEM PSD is based on the same data as the 3D FIB-SEM PSD and 
both show comparable results. The fact that the power law exponents do not show 
exactly the same values is due to a slight overestimation of small pores in 2D whereas 
large pores are underestimated. This can be explained by stereology, when a sample 
exists of spherical pores within a cube of sample material, the probability that a 2D 
slice would cut through the circle where the diameter is largest is two times smaller 
than that a smaller circle diameter would be cut in the 2D slice (Underwood, 1970; 
Higgins, 2000). Overestimation of the small pores and underestimation of the large 
pores in 2D is illustrated in Figure 6.14, assuming a spherical pore shape enables 
calculation of the equivalent pore radius for pore areas (2D FIB-SEM data) and pore 
volumes (3D FIB-SEM data) measured (Berger et al., 2011). The equivalent pore radius 
(req) is binned using a bin-size of √2
x, where x is an integer starting with a value of 1. 
Number of pores in a certain bin is normalized by dividing it by the total number of 
pores in the area or volume (Figure 6.14).  
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Figure 6.14: Graph illustrating the overestimation of 
small pore areas in 2D and the overestimation of the 
large pores volumes in 3D when both data-sets are 
represented as equivalent radii vs. number of pores. 
Visible porosity measured for these 
samples using either µ-CT, BIB-SEM or 
FIB-SEM is in the order of 2 – 2.8% in all 
samples. This value is comparable to the 
visible porosity measured on Opalinus 
Clay Shaly facies samples investigated 
with the BIB-SEM described by Houben et 
al. (2013), Chapter 5 and samples 
investigated using the FIB-SEM method by Keller et al. (2011). The porosity visible 
using BIB- and FIB-SEM is lower than porosity measured on bulk sample material of 
the Shaly facies of Opalinus Clay. Bulk sample porosity for the Shaly facies of Opalinus 
Clay has been measured using e.g. densitometry (14.0-24.7%), water loss porosimetry 
(12.6-21.1) (Bossart & Thury, 2008) and mercury intrusion porosimetry (MIP, 12-14%; 
Chapter 4). The missing porosity in the BIB-SEM and FIB-SEM images is expected to be 
due to pores in the clay matrix that are present below image resolution (<15 nm in 
width; Keller et al., 2011; Chapter 4). Assuming that pores below resolution follow the 
same power-law area-size distribution as the visible pores enables extrapolation of 
this size distribution and gives an estimation of the total porosity in the clay matrix of 
Opalinus Clay to be between 20 – 25% (Chapter 5). Using this extrapolated porosity for 
the clay matrix the total porosity of a sample with the mineralogy as given in 
Paragraph 6.4.1 ads up to be between 19.7 – 24.5%, which is similar to the bulk 
sample porosities measured.  
6.4.3 Microstructure Opalinus Clay summary  
Using the here described methods we investigated the microstructure of a 3 mm long 
core with a diameter of 2 mm of Shaly facies Opalinus Clay down to the nm scale. 
Earlier research (Chapter 4) of five 2D BIB-sections along a one meter drill core 
(samples taken about 20 cm apart) already showed that the mineralogy, porosity and 
pore size distribution in 2D in the Shaly facies of Opalinus Clay along the investigated 1 
meter drill core shows comparable results. The research presented here extends the 
2D data (Chapter 4) on pore size distribution and porosity to the 3rd dimension using 
FIB-SEM data on selected areas. Furthermore, the homogeneity of the microstructure 
is checked in 3D on a two times larger scale than the BIB-SEM method can provide 
using µ-CT.  
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In summary the one meter drill core investigated here (from Gallery 96, Mont Terri 
rock laboratory, Switzerland), cored within the Shaly facies of Opalinus Clay, does not 
show a distinct mm-cm scale layering of the bedding. Using X-ray tomography images 
one can start to differentiate between larger mineral phases (cracks, bivalve fossil 
fragments and pyrite nodules) all present within a not further distinguishable matrix. 
The microstructure of the matrix could then be investigated by making a 2D BIB 
polished cross-section through the drill core imaged using the µ-CT, enabling 
investigation of the different minerals and porosity/pore morphology present (Figure 
6.15). Six mineral phases are identified all featuring a characteristic pore morphology 
(Figure 6.15; Chapter 4) and cracks all on representative areas for the matrix. Minerals 
present are all embedded within the clay matrix, hence any kind of transport (of gas 
and/ or water) through this rock will depend on the pore connectivity herein. In order 
to try and visualize a 3D pore network in Opalinus Clay FIB-SEM (Figure 6.15) was used 
to image the 3D spread of the pores volumes within two selected areas: in the clay 
matrix, and in one fossil shell (most porous mineral). Unfortunately the resolution of 
the FIB-SEM data is not high enough to see most of the pore throats that are assumed 
to be present in the clay matrix (the few pore throats visible are in the range of 50-140 
nm).  Visible in FIB-SEM Volume 1 are ca. 4650 pore volumes spaced on average 120 
nm apart without visible connections between these pores bodies. Keller et al. (2011) 
also concluded that, with a FIB-SEM voxel size of 10 nm3, they could only distinguish 
separated pore bodies that are probably connected with pores below resolution of 
their FIB-SEM tomography. The non-visible porosity can than bridge the gap between 
the porosity visible using the BIB- and FIB-SEM methods (ca. 2%) and the porosity 
measured using macroscopic measurements (Keller et al., 2011; Chapter 4). 
6.5 Conclusions 
µ-CT data can be downscaled to investigate the microstructure of the rock down to 
the nm scale on mm2 areas using a combination of BIB-milling and SEM imaging, which 
can then be extended to 3D by using FIB-SEM imaging on carefully located areas of ca. 
100 µm2. 
Pore size distribution values show comparable values perpendicular (also does not 
change perpendicular to the bedding with a 90˚ angle) and parallel to the bedding.  
Pore size distribution shows comparable results in 2D and 3D calculated for the FIB-
SEM data set and these results are also comparable to pore size distributions 
calculated in the BIB-SEM clay matrix of the Sandy and Shaly facies of Opalinus Clay. 
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2D pore size distributions from BIB-SEM data are representative as long as the 
representative area is imaged. Since BIB-SEM and FIB-SEM give similar results BIB-SEM 
pore size distributions are also representative for 3D. 
Opalinus Clay Shaly facies is composed of a clay matrix wherein the following minerals 
are embedded: bivalve fragments (ca. 200 µm long and 10 µm wide), quartz, calcite 
and siderite minerals al showing characteristic porosity not connected (at SEM 
resolution) with pores in the clay matrix in 2D as well as in 3D. Furthermore, fossil 
shells and pyrite’s displaying characteristic porosity that is connected to the clay 
matrix (2D and 3D) and cracks in the clay matrix.  
 
Figure 6.15: Figure illustrating the microstructure of Opalinus Clay imaged with all different imaging 
techniques used. Using µ-CT allows imaging of a core with a diameter of 2 mm down to the micrometer 
scale, where bivalve fragments, cracks and pyrites are visible in a matrix. The minerals in the matrix can be 
differentiated in 2D in the BIB-SEM mosaic, where the different pore morphologies encountered are shown in 
the lower left corner of the image. The FIB cubes are shown with an indication of where in the 2D mosaic 
these could be situated.   
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7 Microstructure of the Main Fault in the Mont 
Terri Rock Laboratory (St. Ursanne, Switzerland) 
7.1 Introduction 
The Mont Terri anticline is part of the Jura Mountains and the development of this 
structure is associated with the Oligocene Rhine-Bresse Graben system (Bossart & 
Thury, 2008). A 0.8 – 3 meter thick fault zone (Main Fault) runs through the Mont Terri 
Rock Laboratory and outcrops in Galleries 98 and 08 (Figure 1.3; Nussbaum et al., 
2011). The Main Fault is assumed to be a fault propagating from the Jura basal thrust 
initiated by the decollement within the Middle Triassic evaporates (Bossart & Thury, 
2008; Nussbaum et al., 2011). Structural characterization of the SSE-dipping Main 
Fault on the outcrop scale is described by Nussbaum et al. (2011). The angular 
difference between the bedding plane and the fault plane of the Main Fault is on 
average 15˚ (Bossart & Thury, 2008; Nussbaum et al., 2011). The Main Fault exists of 
strongly deformed localized deformation zones which are surrounded by undeformed 
material (NAGRA, 2002), it is made up of numerous anastomosing fault planes all 
indicating thrusthing (movement in the order of tens of meters) and tectonic fractures 
are sealed with calcite slickensides and fault gouge minerals (Bossart & Thury, 2008).  
Fault zones are dynamic complex heterogeneous systems; understanding of the 
structures often requires investigation from outcrop down to the nm scale (Viti, 2011). 
For an extensive microstructural fault zone characterization one needs to identify (Viti, 
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2011): 1. Mineralogy and microstructure of the faulted rock and see how it changed 
with respect to the undeformed rock, 2. Nature of deformation induced reactions 
controlled by the specific geodynamical and physic-chemical conditions, and 3. 
Investigate deformation mechanisms that played a role during deformation. In this 
chapter we focused on the microstructural and porosity differences between faulted 
and undamaged Opalinus Clay. In order to investigate the porosity/mineralogy and 
change in porosity/mineralogy towards deformation zones in the Main Fault a number 
of BIB polished cross-sections have been investigated using a SEM. All BIB polished 
cross-sections originate from drill core BSF-6 drilled through the Main Fault in Gallery 
98. 
Typically fault zone studies focus on the description, physical properties and bulk 
geochemistry of brittle fault rock, where techniques used are for example: X-ray 
diffraction (XRD), X-ray fluorescence (XRF), SEM, Transmission electron microscopy 
(TEM) and X-ray texture goniometry (Haines & van der Pluijm, 2012). Numerous 
studies to investigate natural and artificial fault zone microstructures with SEM and/or 
TEM have been performed, e.g.: Grain size and grain shape analysis of fault rocks 
(Heilbronner & Keulen, 2006); Fault gouge evolution in highly overconsolidated 
claystones (Holland et al., 2006); Description of microstructures of the Chi-Chi 
principal slip zone (Boullier et al., 2009); Description and interpretation of lithology, 
meso- and microstructures in cores from the San Andreas Fault at depth (Holdsworth 
et al., 2010); Nanoscale porosity in San Andreas Fault samples (Janssen et al., 2011); 
Determination of grain-size, detection and characterization of clays, identification of 
deformation induced mineral reactions and observations of deformation in faultzones 
(Viti, 2011). Research on the porosity distribution in the Saint Julien fault gouge (Basin 
of Lodeve, France) has been performed by Pret et al. (2004) using image processing of 
14C-PolyMethylMethAcrylate autoradiographs, where the method allowed porosity 
investigation down to ca. 10 µm.  
7.2 Method 
In the frame of the Self Sealing project (SF project - aimed to investigate self sealing of 
faults in the Mont Terri Rock Laboratory) boreholes into fault structures are a primary 
source of information, hence cores were drilled through the Main Fault and these 
were stabilized with resin in order to preserve the microstructure of the in-situ 
cohesion less rocks (Mazurek et al., 2010). After stabilization the drill-cores are sub 
sampled into 2-10 cm thick slices. A 3 cm thick ‘slice’ of fault zone (SF6/5-6) was than 
subsampled so that four BIB polished cross-sections could be prepared (Figure 7.1). 
The location of the cross-sections is based on damage zones visible on the cm-mm 
scale, where one cross-section (CS2) was made in the very strongly deformed part and 
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the three other cross-sections (CS1, CS3, CS4) were made in the strongly deformed 
part of the SF6/5-6 drill core.  
 
Figure 7.1: SF6 drill core slice. On the drill core is indicated with numbers 1-4 where the BIB polished cross-
sections originate from.  
7.3 Results  
On the cm-mm scale the drill core slice shows damage zones, which are cracks running 
through the drill core from left to right (Figure 7.1). This becomes clearer when the 
sample is broken along these damage zones, slickensides are then visible and the fault 
gouge, a fine grained uncohesive powder, is lost (Figure 7.2).  
Some of the resin clearly penetrated cracks in the drill core and is visible in some of 
the overviews of the different cross-sections (Figure 7.3). Another obvious difference 
with the undisturbed samples is that numerous veins are visible (calcite and pyrite 
found in the cross-sections here presented, but celestine veins are also present 
(Laurich et al., 2012)) and furthermore there are also 1-2 µm wide damage zones 
present in the polished cross-sections (Figure 7.3).   
CS1 features a big resin filled crack down through the middle of the cross-section, 
which is open at the top followed by a fine-grained powder fill (possibly from 
polishing/ drilling) and the rest is filled up with resin. Microstructurally the sample is 
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similar to undamaged Opalinus Clay with the exception of numerous calcite and some 
pyrite veins. The same goes for CS2, the samples microstructure is similar to the 
undisturbed Shaly facies of Opalinus Clay, where the ‘crumbly’ structure present in the 
drill-core is reflected in the microstructure by a more random orientation of (bigger) 
calcite veins and the cracks run more arbitrarily through the sample (in CS1 the cracks 
run through the cross-section from top to bottom). CS3 is similar to CS1, numerous 
calcite veins and a resin filled crack running through the middle of the sample. The 
difference is a number of damage zones clearly visible in the cross-section, recognized 
by the lack of porosity in a 1-10 µm wide zone. Furthermore, damage zones show a 1-
3 µm wide fine grained poreless core and grains that are flattened on the side facing 
the damage zone. These zones are accompanied by a 5-10 µm wide zone featuring 
lower porosity, making the whole damage zone up to 15 µm wide. Outside of the 
damage zone the microstructure looks similar to that found in undamaged Opalinus 
clay (Figure 7.4). 
 
Figure 7.2: A. SEM image of a slickensided surface. B. SEM image of a broken cross-section, where the top 
surface is a slickensided surface that penetrates ca. 2 µm into the sample. C. SEM image of a BIB polished 
cross-section with again the top surface made out of slickensided which makes up the upper µm of the cross-
section.  
Next damage zones the cross-section also features a fine-grained possible fault gouge, 
which is identified by being clearly finer grained than the undamaged clay (Figure 7.6). 
Not only the grain size is smaller in this area, pores are also smaller, more circular and 
more equally distributed (Figure 7.6). 
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CS4 was produced to image a fault gouge, but unfortunately the fault gouge material 
was lost before BIB polishing. The surface of the sawed sub-sample showed 
slickensides (Figure 8.5). The microstructure of CS4 is similar to the undamaged 
microstructure of Shaly facies Opalinus Clay, with the exception of the numerous 
calcite veins and a thin calcite rim (slickensides) in-between the fault gouge and the 
sample (Figure 7.3). 
 
Figure 7.3: All four BIB polished cross-sections. CS1; Cross-section is featuring a resin filled crack running 
through the middle and some pyrite/ calcite veins. CS2; Cross-section made in the very strongly deformed 
part, numerous big calcite veins are present in the cross-section together with damage zones. CS3; Cross-
section made imaging the same fault zone as CS1, where again a resin filled crack runs through the middle 
and calcite veins are present. CS4; This cross-section actually shows a broken fault gouge, during preparation 
of the sample it fall apart and the gouge material was lost, but along the gouge there is still a calcite rim.  
7.3.1 Porosity, pore size distribution and pore shape - CS3 
The microstructural differences in pore size and pore shape visible in CS3 between the 
‘undamaged’ microstructure and the possible fault gouge are also reflected in 
quantification of the shape and size distribution present in mosaics of the certain 
areas. Visible porosity in ‘fault gouge’ is 0.88% (based on 1090 pores > 5 pixels), 
whereas this is 1.39% (based on 5184 pores > 5 pixels) in the ‘undamaged’ part of the 
sample. Both cross-sections do not cover the REA for the Shaly facies of Opalinus Clay, 
but in both mosaics more than 1000 pores are segmented that are larger than 5 pixels, 
so the data-sets can be used to visualize the pore size distributions and pore shape 
(Figure 7.7). The pore size distribution of the ‘undamaged’ microstructure mosaic (-
2.16) shows a similar size distribution as the pores in the Shaly facies of Opalinus Clay 
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(see Chapter 4). The size distribution in the ‘fault gouge’ is curved (hence does not 
follow a power-law distribution), indicating that smaller pores are present than in the 
‘undamaged’ mosaic. The shape graphs show that there are more circular pores 
present in the ‘fault gouge’. 
  
 
7.4 Discussion and conclusions 
Clear differences between the microstructure described in this section to the 
microstructure in undamaged samples of the Shaly facies of Opalinus clay (Chapter 4) 
are the relative big calcite/pyrite veins, damage zones and a ‘fault gouge’. Whether 
Figure 7.4: A. and B. show 
SE-images of two damage 
zones present in CS3. The 
damage zone is visible as a 
dark band in this micrograph 
due to the fact that it is fine-
grained material. 
Furthermore, quartz grains 
situated next to the damage 
zone in this image show 
flattening and the damage 
zone is surrounded by an 
area where less porosity is 
present.  
 
Figure 7.5: Drill core with a 
sawed sample on top, where 
the slickensided surface is 
visible, the place of the sub-
sample wherein CS4 was 
milled is indicated in the 
figure.  
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the fine-grained area in CS3 with relative small circular pores is a fault gouge or not is 
not clear from the investigated images, but the microstructure is definitely different 
than any microstructure encountered in the Shaly and Sandy facies of Opalinus Clay. 
Fault zone cross-section show furthermore, more and wider cracks (up to 20 µm wide 
and running over the total length of the cross-section), which can be due to careless 
drying after drilling but can also be caused by drilling/stress relaxation.  
 
Figure 7.6: A. BSE-image of a part of CS3, the image illustrates the different microstructures found in this 
cross-section, calcite veins, fine-grained material and ‘undamaged microstructure’. B. SE image illustrating 
differences in porosity in the different identified areas. C. Pores in the ‘undamaged microstructure. D. Pores 
in the fine-grained material.  
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Damage zones and fault gouges are relatively narrow zones (up to 15µm for damage 
zones and up to a couple hundred of µm’s for fault gouge) present in the cross-
sections and development of these seems to have unaffected the microstructure of 
the rock outside these zones. ‘Undamaged’ microstructure of the matrix in the fault 
zone samples is similar to the microstructure in the Shaly facies of Opalinus Clay and 
pores (when not classified) show a similar size distribution, power law dimension (D) = 
-2.16 for the faultzone sample mosaic (not REA) and D = -2.12 for the microstructure 
of the Shaly facies (Chapter 4). The fact that the mosaic in the faultzone sample was 
not large enough to be called representative could cause the minor difference in 
power law dimension. The size distribution in the ‘fault gouge’ shows that there are 
less pores with larger size than in the ‘undamaged’ part. Furthermore pores in the 
‘fault gouge’ feature a higher circularity and a lower value for the axial ratio.   
 
Figure 7.7: A. Pore size distribution graph of the pores in the ‘undamaged’ microstructure image. B. Pore size 
distribution for the pores present in the ‘fault gouge’. C. Pore shape of the pores present in the ‘undamaged’ 
microstructure imaged. D. Pore shape of the pores present in the ‘fault gouge’ image. 
The Main Fault in the Mont Terri Rock Laboratory should be investigated in more 
detail and to a larger extent (more BIB polished cross-sections spread over a number 
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of different sample locations in both Galleries where the Main Fault outcrops) before 
anything can be said over how this fault developed. So far what is clear is that damage 
to the microstructure is localized in narrow zones and the surrounding rock seems to 
be unaffected.  
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8 Wood’s metal injection experiments on 
Opalinus Clay (Shaly facies) samples 
8.1 Introduction 
Wood’s metal injection (WMI) is based on the same principles as Mercury Intrusion 
Porosimetry (MIP; Hildenbrand, 2003). A non-wetting fluid intrudes progressively a 
porous material using an increasing pressure. Wood’s metal (WM) is an alloy which 
consists of bismuth (50%), lead (25%), tin (12.5%) and cadmium (12.5%) and is mainly 
used as a low-melting solder (Darot & Reuschlé, 1999).  The main difference between 
Mercury and WM is that mercury is liquid at room temperature, where WM is not. 
WM melts at a temperature of 70°C and can hence be solidified after injection into a 
sample by decreasing the temperature down to room temperature. The size of the 
invaded pores is related to the infiltration pressure necessary to overcome capillary 
forces and is expressed by the Washburn equation (Washburn, 1921) 
2 cos
cP
r
 
 
    (Equation 8.1) 
where Pc is the liquid pressure, γ is the interfacial surface tension, θ is the interfacial 
contact angle and r is the pore throat radius, note that this equation to convert 
pressure to radii assumes that a porous medium is a bundle of nonintersecting tubes 
(Howard, 1991).  
Sources of possible error with infiltration methods like WMI and MIP are (Howard, 
1991; Matthews et al., 1995; Simms & Yanful, 2004): 
WOOD’S METAL INJECTION EXPERIMENTS ON 
OPALINUS CLAY (SHALY FACIES) SAMPLES 
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1. Drying artifacts, a sample should be completely dry before the WMI 
experiment. For different drying methods see Chapter 2, for this experiment 
samples were oven dried and oven-drying can alter the pore-size distribution 
of clayey soils by formation of cracks (Chapter 2; Delage & Pellering, 1984; 
Delage et al., 1996; Simms & Yanful, 2001, 2002; Hildenbrand, 2003).  
2. Possible change of the microstructure of a rock due to the pressure 
generated during the experiment. Lawrence (1978) suggests that any damage 
to the pore structure of a soil was negligible. After an initial MIP test in both 
ceramic and soil samples all mercury was removed by heating, and then MIP 
was repeated, for the ceramics and soils examined no significant difference 
was found between the first and second test.  
3. The influence of pore accessibility on the generated pore-size distribution. 
One has to remember that a larger pore can be cut off from intruding 
mercury by surrounding smaller pores, it will not be intruded until the 
pressure is high enough to intrude into the smaller pores (Hildenbrand, 2003; 
Simms and Yanful, 2004). 
4. Furthermore, MIP and WMI are percolation phenomenon meaning that the 
infiltration of a network of pores occurs as a sequential process (Howard, 
1991), hence radii converted from pressure can be interpreted as pore 
throats present in the sample and do not necessarily have follow a similar size 
distribution as the pore areas seen with the BIB-SEM method (see also 
Chapter 4). Simms and Yanful (2004) stated that MIP often reports smaller 
average pore sizes than SEM analysis.  
Several authors performed WMI on a number of different porous materials e.g.: 
ceramics, cements and concrete (Nemati & Monteiro, 1997; Willis et al., 1998; Abell et 
al., 1999; Diamond, 2000; Nemati, 2000; Nemati & Stroeven, 2001; Lloyd et al., 2009; 
Kaufmann, 2009, 2010), quartz (Darot & Reuschlé, 1999, 2003; Yasuhara, 2006), coal 
(Pyrak-Nolte & Haley, 1993; Pyrak-Nolte et al., 1997), sandstone (Dullien, 1981; 
Argrawal & Myer, 1991) and salt- and mudstones  (Hildenbrand & Urai, 2003). In some 
cases WM was imaged in the sample after intrusion using either: X-ray tomography 
(Pyrak-Nolte et al., 1993, 1997; Yasuhara et al., 2006), a combination of mechanical 
polished sections and SEM (Nemati & Monteiro et al., 1997; Willis et al., 1998; Abell et 
al., 1999; Diamond, 2000; Nemati, 2000; Nemati & Stroeven, 2001; Lloyd et al., 2009; 
Kaufmann, 2010) or broken cross-sections and SEM (Hildenbrand & Urai, 2003). The 
WMI method has been used for instance; to get insight in MIP (Willis et al., 1998; Abell 
et al., 1999; Diamond, 2000), to understand processes that occur during invasion of 
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mercury in very fine-grained sediments (Hildenbrand & Urai, 2003), to define the 
wetting angle of WM (Darot & Reuschlé, 1999, 2003) and to observe microcracks and 
porosity in 3D (Pyrak-Nolte, 1993, 1997; Nemati & Monteiro, 1997; Nemati, 2000; 
Nemati & Stroeven, 2001; Yasuhara et al., 2006; Lloyd et al., 2009). It has to be 
considered that the WMI technique only measures porosity accessible for WM and in 
order for an interior pore to be filled it must be connected to the outer surface by a 
series of already filled pores (Hildenbrand, 2003). Since the WMI method has 
successfully been performed to visualize cracks and pores in a number of coarse 
grained materials it has been executed on Opalinus Clay with the aim to investigate its 
connected porosity and to better understand the MIP results. Hildenbrand & Urai 
(2003) already showed that WM enters claystones, they found WM filled pores down 
to 40 nm in diameter, but due to the poor quality of broken/ mechanically polished 
sections no smaller WM filled pore areas where visible. They state that most of the 
disadvantages of the method are technical problems and due to the fact that we can 
now polish a perfectly flat 2D surface with the BIB polisher, the intention of the 
research presented here was to re-do Hildenbrand and Urai’s (2003) experiment and 
now actually visualize all pores infiltrated with WM in a mudstone in a 2D surface 
using the same infiltration pressure of 100 MPa.  
8.2 Method 
The Opalinus Clay sample was oven-dried at 105°C and cast into a block of WM prior 
to injection (Experiment 1). Then this sample was placed in a pressure vessel 
(Hildenbrand, 2003), where after the temperature was subsequently raised to ca. 90°C 
and held constant for 1 hour to ensure melting of the WM inside the pressure vessel. 
Here after the pressure was increased (10 MPa per 20 minutes) to force the WM into 
pores present in the sample until a pressure of 100 MPa was reached (Figure 8.1). This 
pressure corresponds to a tube diameter (hence pore throat diameter) of ca. 8.3 – 8.9 
nm, using a γ cos θ value of 0.417-0.444 N/m (Darot & Reuschlé, 1999, 2003; Table 
8-1). 
By decreasing the temperature during 8 hrs, while the vessel was under pressure, 
down to room temperature the WM solidified inside the sample and could be imaged 
using the BIB-SEM method (Chapter 1). Due to the fact that WM melts at relative low 
temperatures (ca. 70°C) care should be taken with BIB polishing, it is not known what 
the temperature reached is using the normal BIB settings of 6kV (electron current) and 
6.5 hours of milling. Viguier & Mortensen (2001) concluded that aluminum disk 
specimen could reach temperatures between 200 and 400˚C during ion mill thinning 
using two different apparatus (DuoMillTM and PIPSTM) operating with a voltage of 5kV 
and an incident angle between 8˚ and 15˚. These methods are not exactly the same as 
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Broad-Ion-Beam polishing, but it could be that during BIB milling temperatures are 
reached high enough to melt the WM. For Experiment 2 the method was repeated but 
this time the pressure was increased until a final pressure of 200 MPa was reached 
corresponding to pore-throat diameters between 4.17 and 4.44 nm. 
 
Figure 8.1: Schematic drawing of the method used. An oven-dried block of Opalinus Clay was cast in WM, 
where after this was put in a pressure vessel wherein the pressure was continuously increased until a 
pressure of 100 MPa was reached. The sample inside the WM was taken out of the pressure vessel and two 
polished BIB cross-sections where made.  
 
P (Pa) r(m) - LE r (nm) -LE r(m) - HE r(nm) - HE 
100000000 8.34E-09 8.34 8.88E-09 8.88 
90000000 9.27E-09 9.27 9.87E-09 9.87 
80000000 1.04E-08 10.43 1.11E-08 11.10 
70000000 1.19E-08 11.91 1.27E-08 12.69 
60000000 1.39E-08 13.90 1.48E-08 14.80 
50000000 1.67E-08 16.68 1.78E-08 17.76 
40000000 2.09E-08 20.85 2.22E-08 22.20 
30000000 2.78E-08 27.80 2.96E-08 29.60 
20000000 4.17E-08 41.70 4.44E-08 44.40 
10000000 8.34E-08 83.40 8.88E-08 88.80 
Table 8-1: Pore throat diameters and corresponding pressures according to the Washburn equation. 
WM present in the BIB polished cross-sections has been recognized using a 
combination of BSE, EDX and SE detectors, where the WM gives a distinct bright white 
signal when imaging with a BSE-detector and due to its composition it is also easily 
recognizable using the EDX detector (bismuth, lead, tin and cadmium are not elements 
frequently encountered in Opalinus Clay). Since the apparatus used was not 
constructed to measure the volume of the intruded Wood’s metal one cannot get 
information on pore size distribution using this apparatus (Hildenbrand, 2003).  
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8.3 Results 
8.3.1 BIB-SEM images 
So far five BIB-polished cross-sections have been produced for the 2 samples 
infiltrated with WM, three cross-sections within the sample of Experiment 1 and two 
cross-sections in the sample of Experiment 2. One BIB-polished cross-section has WM 
in pores in fossil shells in the sample (CS2), in the four other cross-sections produced 
no WM was present (Figure 8.2). The WM SEM results presented here are mainly 
based on two BIB-polished cross-sections both created within the sample of 
Experiment 1, CS1 and CS2. CS1 was made through the middle of the sample and does 
not show WM in the cross-section but does show some WM filled cracks and pores in 
the mechanically polished part of the sample (Figure 8.2) and in CS2 WM was 
encountered in the polished cross-section (Figure 8.2).    
 
 
Figure 8.2: BIB polished cross-sections of the samples infiltrated with WM. CS1 and CS2 are the only two 
cross-sections wherein WM is actually present. 
WM did enter both samples during the WMI experiments. In the case of Experiment 1 
this is clear from the SEM images, were WM was encountered in the samples of CS1 
and CS2. For Experiment 2 this was checked with optical light microscopy (Figure 8.3), 
since no WM was encountered in both CS4 and CS5. From Figure 8.3 it is clear that big 
cracks (ca. 15-70 µm wide) are intruded with WM and in addition that the bigger WM 
filled cracks are spaced ca. 1 mm or further apart. Due to the decreased electron 
current and milling time used for BIB milling the cross-sections are small (ca. 450 µm 
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for CS5) causing no WM filled cracks to be present in CS4 and CS5. In addition, 
assuming that all cracks in the sample are present before the WMI experiments, not 
all cracks are filled with WM as evidenced by the empty ca. 15 µm wide crack present 
in the lower left corner of CS5.  
CS1 was cut in the middle of the sample (Experiment 1) whereas the CS2 (Experiment 
1) was made at the edge of the sample (Figure 8.1). WM is not present in any of the 
pores in the BIB-polished cross-section of CS1, hence observations made for CS1 are 
based on a mechanically polished section. CS1 shows that WM is present in the 
drying/ stress relaxation cracks which were present in the sample before the WMI 
experiment (Figure 8.4). Figure 8.4 clearly shows the WM (bright white in this BSE 
image) present in cracks down to a width of ca. 20 µm. WM is also present 
surrounding the cracks causing these to have an apparent width of over 100 µm. 
When zooming into the polished section (see inset Figure 8.4) it seems like WM has 
flowed out of the cracks and afterwards re-solidified on the sample surface. 
Furthermore, not all cracks are completely filled with WM (Figure 8.4) and some 
cracks are not filled at all for instance in the lower left corner of the BIB polished cross-
section there is a crack that is not WM filled. 
 
Figure 8.3: Optical light microscope image (reflective light) of the sample impregnated with Wood’s metal 
during Experiment 2. 
Next to some cracks, also a few pores in fossils and siderite are (partly) filled with WM 
(Figure 8.5). These WM filled pores in fossil shell and siderite are pores that are in 
contact with and/or situated in the neighborhood of with WM filled cracks (Figure 
8.5).  
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Figure 8.4: Overview of the Opalinus Clay sample injected with Wood’s metal (CS1, BSE image). The bright 
white color present in this image represents Wood’s metal. In the polished U-shaped cross-section no Wood’s 
metal is present in any of the pores, but below the cross-section Wood’s metal is clearly present in the big 
cracks. The inset (1.) shows one of the WM filled cracks with higher resolution showing that these cracks are 
filled with WM and are also surrounded by a WM rim which seems to be re-solidified WM at the samples 
surface. 
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Furthermore, none of the pores present in the clay matrix are WM filled and also 
some pores in minerals (situated also close to with WM filled cracks) are not filled with 
WM (Figure 8.5 and Figure 8.6), although these pores are ca. one µm wide (Figure 8.6).  
An overview of CS2 (Experiment 1) is presented in Figure 8.7, where this time WM 
filled minerals are present in the polished section together with a big spot of WM 
covering the upper left corner. Also this cross-section shows signs of re-solidification 
of the WM on the sample surface (Figure 8.7 and Figure 8.8). Some fossil shells that 
are WM filled are not directly connected to cracks in this 2D section as well as the 
pores surrounding a bivalve fossil in the upper right corner of the polished cross-
section (Figure 8.7 and Figure 8.8). 
 
 
Figure 8.5: Opalinus Clay injected with Wood’s metal in Experiment 1 (BSE image, magnification of 5000). 
These micrographs (CS1) show that next to the cracks also some pores in fossil and siderite are filled with 
Wood’s metal, but only the ones that are situated in the neighborhood of the with Wood’s metal filled 
cracks.  
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Figure 8.6: CS1 (Experiment 1) 
SE images. A. WM filled crack 
that, where the WM is not 
equally distributed in the 
crack, some holes in the WM 
point towards a solidification 
of the WM before the entire 
crack was filled. B., C., D. 
Pores not filled with WM 
situated next to cracks filled 
with WM.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.7: Overview of CS2. A big spot of WM is present in the upper left corner. Furthermore, in the 
polished cross-section some fossil shells are WM filled as well as the pores surrounding a bivalve fossil in the 
upper right corner.  
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Figure 8.8: Higher resolution images of CS2, showing WM filled fossils and cracks surrounding a mineral. 
Furthermore, some signs of re-solidification of the WM after milling are visible in the micrographs.  
8.3.2 Pore area distribution – Wood’s metal filled pores 
Pores that are visibly filled with Wood’s metal in Figure 8.5 are segmented using 
thresholding in MATLAB. A total of 303 pore areas were segmented and the smallest 
pore area infiltrated with Wood’s metal visible in this micrograph 3820 nm2 
(corresponding to 1 pixel) with an equivalent pore diameter of 70 nm. The pore size 
distribution of these pores is shown in Figure 8.9, where the bin-size (bi) of the pore 
areas for i = 1 is 1 and for i > 1, bi = 2.bi-1.  
 
Figure 8.9: A. Pore size distribution of the pores visibly infiltrated with Wood’s metal in Figure 8.5. B. log 
normalized number of pores versus the log of the pore area. 
8.4 Discussion and Conclusions 
WM is present in the two samples used during Experiment 1 and Experiment 2, 
verifying that the method used allowed (some) WM to infiltrate Opalinus Clay. Melting 
of the WM during BIB polishing should be investigated in more detail, a number of 
different beam currents and hours of polishing should be tested on samples infiltrated 
with WM. Both CS1 and CS2 show features of WM melt, but whether this is really due 
to melting of the WM during BIB polishing is not evident.  
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Not all visible pore areas (BIB-SEM) are infiltrated with WM and WM is not present in 
four out of five BIB-polished cross-sections. The fact that no WM was encountered in 
the cross-sections produced in the sample of Experiment 2 is even more surprising 
than no WM in the cross-sections of Experiment 1 since a higher infiltration pressure 
was used. The results so far show that only cracks in both samples are filled with WM 
and some but not all pores in siderite and fossil shell. Although the infiltration 
pressure used for WMI was not as high as MIP, the MIP results do show that with an 
infiltration pressure corresponding to the one used in Experiment 1 a MIP porosity of 
8-10% was found, and for Experiment 2 the corresponding MIP porosity is 10-12% 
(Chapter 5). Comparing the porosity and size distribution of the pores filled with WM 
with the porosity and size distribution of MIP (Chapter 5) illustrates that there is a 
large discrepancy between these two methods. This is mostly due to the no. of pores 
filled with WM (303) encountered in the mosaic, which is not a representative number 
of pores present in the REA of the Shaly facies of Opalinus Clay, although the area they 
are imaged in could be since no WM is present in the surrounding of the WM filled 
pores shown in Figure 8.10. Using an infiltration pressure of 100 MPa for WMI was not 
high enough to fill a representative amount of pores to gain insight in the pore size 
distribution of all pores present in the different minerals/mineral aggregates in the 
sample. The power law dimension from the WMI experiment (1.4) reflects the size 
distributions encountered in the BIB-SEM micrographs for cracks, fossil shell and 
siderite and not as in the case of MIP the size distribution of pores in the clay matrix 
(ca. 2.3; Chapters 4, 5, 6).     
 
Figure 8.10: Illustration showing how representative the data is. WM filled pores are found in a 246 x 340 
µm area, but as illustrated here there is no WM present in the surroundings. The black dotted line indicates 
the REA for the Shaly facies of Opalinus Clay.   
According to the throat size distribution of the MIP experiment (Chapter 5) pores with 
a pore throat > 9 nm correspond to a porosity of 8-10%, whereas the WM infiltrated 
visible porosity in the REA of Figure 8.10 is only 0.6% (WM filled porosity in Figure 8.5A 
is 2.5%). Whether the difference in porosity is due to the fact that WMI infiltrated 
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larger pore throats as MIP is concealed by the resolution of the SEM mosaic (pixel size 
62 nm) which does not allow investigations of pore areas down to 8 nm in width. 
Assuming all pores infiltrated with WM at 100 MPa follow the same size distribution as 
is illustrated in Figure 8.9 allows extrapolating of the data down to equivalent pore 
diameters of 8 nm. Extrapolating the size distribution results in an extrapolated BIB-
SEM porosity of ca. 7.4 %, this is at least 2% lower than the porosity measured with 
MIP at a comparable resolution. Furthermore, the fact that no WM was encountered 
in any of the pores visible in the polished cross-sections of Experiment 2 is 
contradicting the MIP results. These results show that all pores visible in the BIB-SEM 
images (and about 10% smaller pores not visible with BIB-SEM) should be WM filled in 
order to explain the total MIP porosity (Chapter 5).  
The fact that in CS1 and CS2 some siderite minerals and fossils are WM filled and 
others are not might be related to the location and extent of the 3D crack network 
present in this sample. Some of these minerals will be very well connected to cracks in 
3D whereas others are not. The network of cracks mainly runs through the clay matrix 
(which shrinks during drying) and these cracks surround the more ‘rigid’ minerals 
(Chapter 2). So when the WM has infiltrated the cracks, pores in minerals that are 
connected to the crack network will also be filled with WM. This is also the reason why 
pores surrounding the bivalve fragment in CS2 are WM filled, usually these fragments 
are surrounded by cracks in 3D (see Chapter 6). Not every with WM filled mineral 
seems to be connected with cracks in the polished 2D sections, but it is expected that 
in the 3rd dimension they are.  
From the images it can be concluded that cracks and minerals filled with WM are not 
always completely filled, although pore diameters are wide enough. It could be that 
the sample was not able to heat up enough during the experiment causing the entered 
WM to solidify in the cracks before the clay matrix could be intruded. Moreover, the γ 
cos θ value for WM should be equilibrated for Opalinus Clay, so far we assume that 
WM has a similar interfacial surface tension and wetting angle on Opalinus Clay as it 
has on quartz, calcite and granite (Darot & Reuschlé, 2003), but this should be 
checked. So far MIP is assumed to be applicable to mudstones but very little is known 
about the reliability of this data (Hildenbrand, 2003), the only thing that can be said is 
that some mercury infiltrates the samples as evidenced by a weight gain after the MIP 
experiments (see Chapters 4 & 5). For the WMI the only thing that is sure is also that 
some of the WM has infiltrated the sample as evidenced by the images showing WM 
in mainly cracks and some pores (e.g.: Figure 8.3, Figure 8.4, Figure 8.7). Since no WM 
was found in pores in the clay matrix, it could still be that: clay minerals are deformed 
by MIP/WMI (Hildenbrand et al., 2003) and that the pore network in the clay matrix 
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collapses under increasing pressure resulting in the fact that no mercury/ WM can 
enter the clay matrix pores so that the infiltrated WM reproduces the real measured 
MIP porosity and the rest of the MIP porosity is due to sample collapse. Another 
explanation could be that in the case of WMI that the sample is not heated enough so 
that WM solidifies as soon as it was injected into the sample.  
The only conclusion with respect to the Opalinus Clay microstructure that can be 
drawn from the here performed research is that when assuming that the Washburn 
equation holds for WMI and that the values used for γ cos θ are correct, that pore 
throat connections in the clay matrix of Opalinus Clay should be smaller than 5 nm in 
width, which is comparable to expected pore throat sizes (< 10 nm) inferred from FIB-
SEM measurements (Keller et al., 2011; Chapter 6). 
8.5 Recommendations for future research 
 Heat the sample material prior to the experiment so that the sample is at 
least at 70˚C when the WMI experiment starts. When the sample reached the 
set temperature melt the WM, get the heated sample from the oven and 
place the sample inside the molten WM and start the experiment.  
 Repeat the experiment with infiltration pressures of 120, 167 and 278 MPa 
corresponding to respectively 7, 5 and 3 nm pore throats. The last infiltration 
pressure used is the final pressure used in MIP experiments; hence 
observations of a polished cross-section of this particular WMI should give 
similar porosity values as encountered with MIP experiments.   
 Take longer time steps per pressure step to allow the WM to infiltrate the 
sample better, instead of 10 MPa per 20 minutes increase the pressure with 
10 MPa per hour. 
 Use a lower electron beam current for BIB polishing and check whether the 
WM still shows features that look like the WM was melted (e.g. 4kV for 4 
hours). 
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ummary 
 
Clay rich formations are investigated thoroughly as candidate host rocks for the deep 
geological storage of radioactive waste. In the Mont Terri Rock Laboratory 
(Switzerland) Opalinus Clay is investigated with the aim to analyse its hydrological, 
geochemical and rock mechanical properties. Detailed investigation of the pore 
morphology and pore space contributes to the understanding of the sealing capacity, 
coupled flow, and associated deformation in clay. The Opalinus Clay formation is a 
fine-grained sedimentary rock deposited 180 Ma ago in a shallow sea compacted to a 
low porosity of 9 – 25 % (depending on the measuring method used) and low 
permeability. On the regional scale the lateral variability of facies and lithology is low. 
Opalinus Clay is subdivided in six subfacies where the two end-members are the Shaly 
and the Sandy facies.  
To minimize damage of the clays microstructure the samples investigated, in this 
study, were carefully dried, as described in Chapter 2. After drying samples were 
imaged using a combination of Broad-Ion-Beam (BIB) milling and Scanning-Electron-
Microscope (SEM) imaging. The method allows direct imaging of the clay fabric and 
porosity down to the nm scale. Visible porosity in the SE-micrographs was than 
segmented either manually or automatically (Chapter 3). A combination of BIB-milling 
and SEM imaging allows large representative area investigation of claystones, and a 
summary on porosity, pore morphology and pore size distribution of undamaged 
Opalinus Clay Shaly facies microstructures can be found in Chapter 4. This approach is 
able to provide a qualitative study of porosity as well as quantification of the pores 
directly from the micrographs at the nm - µm scale.  
Although the overall micro fabric differs per layer and per facies (Chapter 5), a low 
variability of the microstructure and porosity has been observed within each mineral 
phase. For example microstructurally the BIB polished cross-sections, produced in 
samples that have a high content of clay matrix (> 60 %), display comparable 
microstructures for Sandy and Shaly facies samples of Opalinus Clay. The same is true 
for the pore size distribution and prominent pore shape per mineral phase, 
independent of the facies or polished cross-sections investigated; the pores within the 
clay matrix follow a similar pore size distribution and possess similar pore shapes. The 
large mineral grains, fossil shells and mineral aggregates are completely surrounded 
by the clay matrix, where the kind and amount of minerals depend on the facies of 
Opalinus Clay. The microstructure and porosity of the Shaly facies has also been 
investigated in 3D using a combination of µ-CT, BIB-SEM and FIB-SEM techniques 
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(Chapter 6). The µ-CT measurements are used to get a 3D microstructural overview 
down to the µm scale. Afterwards a 2D BIB-polished cross-section was made through 
the µ-CT sample to examine the 2D microstructure down to the nm scale. FIB-SEM was 
used to study the 3D pore connectivity on two selected areas (Clay matrix and fossil 
shell) down to the nm scale.  
Next to the samples from the undisturbed Shaly and Sandy facies of Opalinus Clay, 
samples from the ‘Main fault’ (Mont Terri rock laboratory, Switzerland) were 
investigated, for the details see Chapter 7. Differences in microstructure with the 
undisturbed samples are the numerous micrometer wide calcite, celestine and pyrite 
filled veins present in the disturbed samples. Furthermore, damage zones of about 15 
µm wide featuring less porosity are present. 
In order to investigate the pore connectivity Wood’s metal injection experiments were 
performed (Chapter 8). Preliminary results show that Wood’s metal although present 
in the bigger cracks and a few pores did not intruded a greater part of the pores 
present in the sample. This can indicate that that the connecting pore throats are 
smaller than 9 nm wide. 
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Zusammenfassung 
Opalinuston wird in der Schweiz als Wirtsgestein zur geologischen Tiefenlagerung von 
radioaktivem Abfall in Betracht gezogen.  Detaillierte, internationale Studien 
untersuchen  den Ton im Untertage-Felslabor Mont Terri (St Ursanne, CH),  hinsichtlich 
seiner hydrogeologischen, geochemischen und geotechnischen Eigenschaften.  
Opalinuston ist ein feinkorniges, sedimentäres Gestein, welches im flachmarinen, 
epikontinentalen Milieu vor etwa 180 millionen Jahren abgelagert wurde.  
Opalinuston besteht aus einer meist monotonen Folge dunkelgrauer, kalkiger, 
glimmerreicher, siltiger Tonsteine mit Feinsandsteinlagen, Siltsteinlagen und 
Mergelhorizonten sowie biodetritischen Kalkbänken, Pyrit-, Siderit- und 
Kalkkonkretionen und einzelnen Ammoniten.  
Für das Verständnis von kapillaren Prozessen und um die Permeabilität eines Gesteins 
zu bestimmen, ist die Kenntnis der Mikrostruktur des Gesteins, insbesondere der 
Beschaffenheit des Porenraums, notwendig. Porosität konnte bislang nur indirekt, 
beispielsweise durch Quecksilber-Porosimetrie und Gas-Adsorption, bestimmt 
werden. Informationen über die Morphologie der Poren und des Porenraumes waren 
auf diese Weise nicht zugänglich. Herkömmliche Rasterelektronenmikroskopie (REM) 
bietet, durch die Betrachtung der Porenräume, hier zwar einen Lösungsansatz, jedoch 
lag die Auflösungsgrenze für Poren bislang lediglich im Mikrometerbereich. Die 
Verwendung von Ionenstrahlern ermöglicht nun die Herstellung von sehr glatten, bis 
zu 1 mm² großen Probenoberflächen, ohne die Probenstruktur zu beeinträchtigen. 
Diese Methodik lässt in Folge eine Untersuchung von Mineralen und Poren bis in den 
nm-Bereich zu.  
Die vorliegende Arbeit beschreibt  die Mikrostruktur des Opalinustons 
(Größenordnung nm – mm) in zweidimensionalen, ionenstrahl-polierten Flächen, 
mittels REM. Durch stereologische Analysen wurden repräsentative Probenausschnitte 
bestimmt, so dass gültige Porositätsberechnungen sowie Aussagen über die 
Porengrößenverteilung einzelner lithostratigraphischer Untereinheiten getroffen 
werden konnten. Es wurden die beiden, hinsichtlich ihrer Mikrostruktur 
verschiedensten von insgesamt sechs Untereinheiten des Opalinustons miteinander 
verglichen (tonreiche Fazies und  sandreiche Fazies).  
Die Mikrostruktur des Opalinustons, wie auch die jeweils bestimmte totale Porosität, 
variieren stark je Fazies und eingelagerten Wechselschichten, jedoch weisen tonreiche 
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Einlagerungen innerhalb der sandreichen Fazies eine ähnliche Mikrostruktur auf, wie 
die Tone der tonreichen Fazies. Zudem konnte gezeigt werden, dass für jede 
Mineralphase die Variabilität von Mikrostruktur und Porosität sehr gering ist, so dass 
jeder Mineralphase, unabhängig davon in welcher Fazies sie auftritt, eine 
charakteristische Mikrostruktur und Porengrößenverteilung zugeordnet werden 
konnte. 
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